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3  0  M  M  A  R  T 

An  socperimental  investigation  Is  being  eonduoted  to  evaluate  the 
effect  of  vexy-low  concentrations  of  sulfur  in  fuel  on  the  durability  of 
turbine-blade  isaterlals  idien  exposed  under  conditions  slnulating  the  envlron- 
■ent  in  an  aircraft-turbine  engine  operating  In  a  aarine  envlroninent.  This 
has  required  developnent  of  new  test  equlpsient,  termed  Phillips  Turbine 
Sfaulator,  to  Increase  productivity  by  simultaneous  exposure  of  U8  specimens 
and  to  improve  precision  by  rotating  specimens  for  uniform  ecqoosure  in  the 
hlgh-veloclty  stream  of  high-temperature,  high-pressure,  corrosive  gas. 

A  preliminary  test  was  conducted  to  evaluate  a  cycUo-temperature 
operating  procedure  with  Phillips  Turbine  Simulator.  Specimens  of  both  bare 
and  aluminum-diffusion  coated  Inconel  713C  were  exposed  at  15  atmospheres 
coid>ustor  pressure  using  air  with  1  ppm  sea  salt  and  fuel  with  0.040  weif^ht 
per  cent  sulfur  to  obtain  exhaust-gas  temperatures  idiich  reached  a  maximum  of 
2000  F.  It  was  concluded  that  this  test  equipment  is  sufficiently  durable, 
and  the  test  method  provides  sufficient  precision,  for  conducting  our  proposed 
investigation  with  a  reasonable  expenditure  of  time,  manpower,  and  materials. 

A  comparison  of  the  relative  durability  of  superalloys  in  an  ASm 
"round-robin"  program  was  made  during  this  preliminary  test.  Only  single 
specimens  of  each  superalloy  were  available  from  a  coomon  exposure,  for  44 
hours  duration.  Metallographic  measurements  of  "surface-los^  and  "maximum- 
attack”  were  made,  but  the  difference  between  them  (subsurface  deterioration) 
was  relatively  unimportant  with  these  materials  at  this  condition  of  exposure. 
This  Is  shown  by  the  following  tabulation,  ^Ich  also  indicates  the  linear 
relatlondilp  that  was  found  with  specimen  weight-loss  (after  electro-cleaning) 
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Karl  mum  Attack 

IN-100 

372  mg^cm^ 
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TW  MAl^Tm  ROTTRfllllgWT 
1.  INTROProTiqi 

The  corrosion  of  hot-seetlon  parts  in  modem  aircraft-turbine 
engines  is  one  of  the  factors  that  detenaines  the  time  before  orei^ianl. 

With  operation  in  a  marine  environment  it  becomes  a  major  factor  in  limit¬ 
ing  engine  life.  Various  terns  have  been  used  to  identify  this  accelerated 
attack  on  the  superallpys  from  idiieh  hot-section  parts  are  fabricated. 

We  favor  the  rem  "hot  corrosion"  and  will  use  it  in  this  report  to  indicate 
the  attack  by  sea  salt  on  superalloys  at  hi^  temperature. 

I 

Considerable  metal  loss  can  be  sustained  by  hot-section  parts  before 
failure  because  hot  corrosion  advances  on  a  broad  front.  The  attack  is  lad 
by  penetration  of  randomly  dispersed  ll^t-grey  globules  of  metallic  sulfide. 
The  formation  of  these  sulfides  is  associated  with  changes^  characterised 
by  chromium  depletion^  in  the  surface  composition  of  the  alloy.  Rapid  oxi¬ 
dation  of  the  weakened  layer  of  the  alloy  follows.  Because  of  the  prominent 
band  of  precipitated  sulfides  preceding  surface  oxidation,  hot  corrosion  is 
frequently  Identified  as  "sulfidation."  This  has  focused  attention  on  the 
sulfur  content  of  the  fuel  as  being  the  principal  causative  agent  of  hot 
corrosion.  If  so,  hot  corrosion  could  be  controlled  by  fuel  specification. 
More  restrictive  limitations  on  the  amount  of  sulfur  allowed  in  aviation- 
turbine  fuels  have  been  proposed  for  this  purpose,  particularly  for  naval 
operations. 

Most  specifications  for  aviation-turbine  fuel  allow  a  sulfur  content 
of  0.40  wei^t  per  cent.  A  significant  reduction  in  the  sulfur  limit  would 
certainly  decrease  the  amount  of  available  fuel.  Also,  a  more  restrictive 
specification  eai*rles  with  it  the  potential  of  hl|^er'cost,  and  a  modest 
increase  can  amount-  to  a  substantial  sum  because  of  the  large  volume  Involved. 
Therefore,  proposals  to  lower  the  sulfur  content  of  aviation-turbine  fuel  must 
be  approached  with  caution. 

it 

Mai7  investigators  feel  that  deposition  of  sodium  sulfate  on  the 
metal  surface  is  a  normal  precursor  to  hot  corrosion.  Some  have  reasoned 
that  sodium  from  sea  salt  and  sulfur  from  fuel  ooaibine  to  form  the  objection¬ 
able  sodium  sulfate.  However,  compounds  other  than  sodium  chloride  are 
present  in  sea  salt.  Sea  salt  contains  11  per  cent  by  wel^t  of  sodium 
sulfate.  Control  of  hot  corrosion  by  reducing  sulfur  in  fuel  to  remove  one 
of  the  critical  ingredients  from  the  salt-sulfur  combination  Ignores  the 
sulfur  in  sea  salt. 
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For  olarlfiMtion,  tha  IbiTal  ilr  Sifsbana  Co— nd  haa  aapportad 
our  voric  to  datanlna  idiatliar  tha  aaTiaMi  aulfur  oentanb  of  O.4O  val^ht 
par  eaut,  eurrantly  allowad  la  grada  JP-5  arlatloa-turbina  faal«  la  a  aafa 
laral  for  protaotlon  of  turblaa  alldfa  In  hli^-parfoialanoa  anglnaa  idian 
oparatad  in.  a  aarina  anrlroaBaab. 

In  an  aarlj  axparlaanbal  Inyaablgatlon,  raportad  In  datall  bgr 
Sehiisar  and  Qulgg  (1)«  wa  attaaqptad  to  tdaulata  tha  aRTiroia»nb  in  tha 
turblna  aaotlon  of  an  aircraft  angina  with  raapaot  to  tcaparatura,  Taloeltjr, 
praaaura,  and  atolChloMtxj  bj  uaa  of  a  hlg^praaaora  taat  faelUtf,  orlgl- 
nallj  daralopad  for  ayaluatlng  tha  eoabuation  oharaetariatiea  of  aTlation- 
tui^ina  fuala.  Tha  taat  progran  Inoludad  tha  affaet  of  thraa  larala  of  aulfnr 
in  fual  on  hot  eorroaion  of  aiz  auparalloja,  ona  of  idd.eh  had  an  aluninoH' 
diffuaion  coating,  at  flra  larala  of  tcfl^Mratura  and  thraa  larala  of  aaa 
aalt  in  air.  Tha  fira  houra  of  taat  duration  uaad  waa  aufficlant  for  oac* 
tanaira  eorroaion  of  all  of  the  uncoatad  auparallogra  under  aoaa  condltlona. 

It  aaa  eoncludad  that  an  ordar^of-nagnltude  reduction  (0.40  to  O.O4O  aal^ 
par  cant)  in  aulfur  content  would  not  dacraaaa  hot  eorroaion  and  no  change 
In  fual  apaclflcatlon  waa  indicated. 

Tha  aluBlnta»'rieh  coating  (Mlaeo  MDC-l)  on  Inconel  713C  raaultad 
in  a  natarlal  losuna  to  attack  under  tha  condltiona  of  aaqpoaara  uaad  during 
thia  early  inreatlgatlon;  therefore,  no  naaaura  of  tha  affect  of  aulfur  in 
fual  on  tha  hot  eorroaion  of  coated  auperallc^a  waa  obtained*  Such  thin, 
aluBlnn»>rieh,  diffuaion  eoatlnga  are  generally  uaad  now  to  protaet  aupar- 
allcya  in  a  narlna  anrironaant;  bowerer,  tha  need  continue  a  for  ijqtrorad 
eoatinga  appliad  to  sore  reaiatant  auperallcya. 

In  a  anbaeqnent  aaqierljaantal  Inraatigatlon  (2)  we  atteaptad  to 
naaaura  tha  affaet  of  aulfur  in  fuel  on  the  hot  eorroaion  of  coated  eupar- 
allpya  by  elictending  tha  duration  of  axpoaore  treat.  5  up  to  55  houra.  The 
prograaa  included  one  bare  aoparalloy  (Inconel  713C}  and  three  coating>alla;r 
ayatena  (Miaeo  NDC-1  and  HOC-9  on  Inconel  713C  and  Miaco  MSC-l  on  Mar  M-ROOX 
In  thaaa  prograna  two  larala  of  aaa  aalt  in  air  (zero  and  1.0  ppa)  and  thraa 
larala  of  aulfur  in  fuel  (<0.0040,  O.O4O,  and  O.40  wel{^t  par  cant)  ware 
uaad.  Thaae  prograna  ware  confined  to  axpoaore  of  apeoinena  at  the  20OOF 
teat  condition.  Theae  atudlea  ahowed  caaea  idiere  a  reduction  of  aulfur  in 
fual  fron  the  praaant  Unit  to  0.040  weight  per  cent  algniflcantly  deoreaaed 
hot  eorroaion,  algniflcantly  increaaad  hot  eorroaion  and  had  no  aignlfioant 
effect  on  hot  eorroaion.  Thia  indicated  that  our  prerloua  recoanendation, 
baaed  upon  a  study  of  bare  auperalloya,  could  be  emended  to  coated 
auperallcya. 

Bacauaa  of  tha  direr aa  raaulta  on  hot  eonroalon  fron  thia  rary- 
llnltad  inrestlgation,  it  waa  racrnwwnded  that  tha  affect  of  aulfur  in 
fual  ahottld  be  studied  with  other  coating- suparalloy  ayatHts  and  other 
axpoaore  taaQMraturas.  Also,  whan  aaa  aalt  waa  preaant  in  tha  air  during 
thia  inrastl^tlon,  it  waa  found  that  a  rary-large  reduction  of  aulfur  in 
fi^,  fron  0.40  to  <0.0040  wai^t  par  cent,  significantly  dacraaaad  tha 
ralatlra  rata  of  corr^on  on  uncoatad  Inconel  713C  and  both  MOC-1  and 
MZX^-9  coated  Inconel  713C.  Therefore,  it  was  concluded  that  it  would  be 
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pradant  to  obtain  additional  data  bafora  waking  a  final  raeoanandatlon  aa 
to  tha  liwlt  of  fuel  aolfur  allowad  for  protaetion  of  ttirbina-blada  aatariala 
in  a  marina  anvlronienb. 

In  a  racanb  aiqMrlnaxrbal  In^aatlgatlon  (3)  eonduetad  with  ona 
coating- aaparalloy  gfataw  (Xlaeo  MOC-9  coat  ad  Inconal  713C)  at  ona  laral 
of  sulfur  in  fual  (0.40  aal^t  par  cant)  and  one  saa  salt  concantration 
(1.0  piB  saa  salt  in  air)  orar  a  range  of  tssqMrature  <  conditions  (1400, 

1600,  1800,  and  2000  F)  It  was  found  that  axposora  times  of  up  to  several 
hundred  hours  would  be  required  to  avaluata  tha  affect  of  sulfur  in  fual 
on  hot  corrosion  with  coated  suparallcys  at  sossa  conditions.  It  was  con¬ 
cluded  that  tha  tiaa  required  for  a  reasonably  ccnplata  invastlgatlcm  of  tha 
affect  of  fual  sulfuz  on  hot  corrosion  would  be  prohibitive  with  test 
aqulpsent  in  which  only  six  spaolaans  could  be  exposed  at  ona  time.  To 
reduce  tha  tine  required  for  tha  proposed  investigation  to  a  practical  level, 
a  new  test  section,  temad  the  Turbine  Siwulator,  was  designed  idiich  allowed 
the  siwultaneous  exposure  of  48  specimens. 

In  our  most  recant  experimental  investigation  (4)  this  Turbina 
Simulator  was  used  to  eaqwse  both  bare  and  NDC-1  coated  Inconel  713C  specimens 
In  an  aggressive-thermal  environment.  Gas  temperature,  pressure,  velocity, 
and  composition  were  adjusted  to  simulate  the  environment  In  an  aircraft- 
turbine  engine  operating  In  a  marine  environment.  The  mechanical  durability 
of  our  Turbine  Simulator  and  the  precision  of  wei^t-loss  values  for  speci¬ 
mens  e:qx>sed  In  this  test  equipment  were  demonstrated  to  be  adequate  for  the 
proposed  investigation.  However,  an  eiqwsure  time  of  about  350  hours  was 
indicated  to  obtain  coating  failure,  with  1  ppm  sea  salt  in  air  and  0.040 
weight  per  cent  sulfur  In  fuel,  at  a  specimen  temperature  of  I65O  F.  It 
was  recommended  that  the  Turbine  Simulator  be  opierated  with  rapid  temperature 
cycling,  which  is  characteristic  of  aircraft-turbine-engine  operation,  to 
accelerate  coating  breakdown  (by  spalling).  Also,  to  further  reduce  the 
time  requlrea  for  the  proposed  investigation,  it  was  recomnended  that  rather 
than  separate  tests  at  1600,  1800  and  2000  F,  specimen  exposure  at  these 
teaqMratures  be  combined  fay  spacing  with  exposure  at  1000  F  during  the  cyclic 
test. 
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The  purpose  of  our  current  investigation  Is  to  vvaluate  the  per¬ 
formance  of  the  Turbine  Siimlator,  using  a  cyclic-temperatui  ^  procedure, 
with  respect  to  Its  mechanical  durability,  its  severity  of  operating  con¬ 
ditions,  and  Its  uniformity  of  spwoimen  esqposure.  If  satisfactory,  the 
Turbine  Simulator  will  be  used  idth  a  cyclic  temperature  procedure  to 
evaluate  the  durability  of  turbine-blade  materlids  in  a  marine  environment 
during  our  investigation  which  will  place  emphasis  on  the  effect  of  very 
low  concentrations  of  sulfur  in  fuel. 
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2.  CCMCLPSIOHS 

An  aaparlBantal  inraatlgatlon  has  bs«n  condnotsd  to  svaluats  ths 
psrfonMtnoa  of  ths  ThlUlps  Turbins  Siaolator,  using  a  ^ollo  tssqpsraturs 
proosdurSf  with  rsspset  to  (a)  asehanioal  durabllit7,  (b)  ssrsrltj  of 
opsrstlng  oondltlons,  and  (c)  unlforalty  of  spsclnsn  sxposurs.  An  adsquats 
mjpplj  of  bars  and  idsoo  MDC-1  eoatsd  Inconsl  713C  qweiasns  wsrs  asmilabXs 
frosi  our  aost  rsosnt  stnc^  and  a  liaitsd  numbsr  of  spsoiasns  of  six  supsx^ 
allots  (IS-IOO,  Ineonsl  713C,  0-700,  Mar-M42l,  lK-738,  and  0-500)  asrs 
STailabls  as  a  part  of  a  "round-robin”  tasting  prograa  of  ths  Asn  Hot- 
Gorroslon  Taak-Foros.  Spselasns  wars  sxpossd  at  15  ataoqhsrss  eoabnstnr 
prsssurs  using  air  with  1  pja  ssa  salt  and  fusl  with  0.040  wsight  par  eant 
sulfur  to  obtain  sxhaust-gas  tsmpsraturss  that  wars  rapidly  eyclad  froa 
1000  F  to  a  naxlaniii  of  2000  F.  Tasting  was  haltad  at  U-hour  intarrals 
to  allow  Tisual  InqMction  of  spaeiBsrs.  Spaelaans  of  aaeh  suparallogr  and 
oaating-suparallogr  aystsa  wars  ranorsd  at  the  first  sign  of  slffiif leant  hot 
corrosion  or  coating  braakdown.  Rsplaosaants  wars  nada  to  obtain  four 
dlffarant  larals  of  attack  on  aaoh  tasb  natarlal.  Xjqwsura  of  spaelBsns 
Tarlad  froa  11  to  143  hours. 

A  llnaar  ralatlonikiip  was  found  batwaan  spaelaen  wsig^t-loss  aiul 
dapth  of  panstratlon  with  thaaa  saparallojs  at  this  eondition  of  saqwsura, 
and  aithar  Baasuramant  providas  an  araluation  of  hot-oorrosion  attack. 

Since  waig^t-loss  aaasuraaants  arc  the  aost  aconaaical,  they  ihould  ba  used 
for  araluatlon  idienarar  shown  to  ba  faaslbla  by  natallographlo  Inspaoticm. 

Test  precision  was  iaprovad  during  this  imrastlgatlcm  by  aodlfl- 
cation  of  the  flaaa-tuba  configuration,  which  iiq>rovad  cenibnstor  durability 
and  supplied  a  hot  gas  of  aora  unlfora  taaparatura  to  the  Turbina  Sianlator. 

It  was  concluded  frost  this  inTsstigation  that: 

A.  The  wear  and  corrosion  on  tast-sactlon  ooqx>nants  was  not  sxcaasiTa, 
and  the  Turbina  Slnulator  has  satlsfactoiy  nsehanlcal  durability  for  use  in 
conducting  future  test  prograns  at  tsnparaturas  to  2000  F,  the  hl|^ast 
laral  attasQitad. 

B.  This  siBnlatad-anrlronaantal  tasb  now  represents  a  satisfactory  eoqpraad.sa 
for  conducting  our  proposed  Inrastigatlon  wxth  a  raaaonabla  axpmdltura  of 
tlBo,  nanpowar,  and  oatarials.  An  esposura  tine  of  about  55  hours  was 
Indicated  to  obtain  failure  of  an  alunlnun-diffuslon  coating  with  rapit^ 
tasqparatura  cycling  fron  1000  F  to  a  Bsxiaun  of  2000  F.  This  is  rou^ily 

a  reduction  to  l/6  the  tine  required  for  coating  braakdown  during  the 
initial  trial  of  the  Turbina  Siaulator  idian  exposure  was  at  1650  F. 

C.  The  laqpihorad  precision  obtalnsd  by  the  aora  unifom  spaclnan  exposure 
iu  the  Turbina  Siaulator  should  facilitate  a  satisfactory  araluatlon  of  the 
affect  of  very-low  levels  of  sulfur  in  JP-5  fuel  on  the  durability  of  ttirblna 
alloys  in  hl^i-parfomanca  anginas  whan  operated  in  a  aarina  anviroxoiant. 

The  standard  deviation  of  wal|^t-loss  data  for  coated  spaelaans  (as  rapra- 
santad  by  Mlseo  MDC-l  coated  Inconel  7130)  is  si^ilfleantly  greater  than 

for  aon^coatad  qweiasns  (as  raiurasantad  by  bare  Inconel  '?13C);  but,  both 
values  are  lass  than  obtained  with  the  flat  qweiuns  used  pra^ously. 
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3.  Bgcg«E»MTI01l8 

lha  porpoM  of  this  linroatlgatlon  «»•  to  oraluate  tho  perfonaanoo 
of  tho  Phillips  Torbine  SiBBlator«  usln^  a  ojoUo-taaporaturo  proeodore, 
with  roqpoot  to  Its  ■sohanleal  darabllltj«  Its  sorsritj  of  opsrating  eoi^ 
dltlms,  and  Its  unifonltj  of  spsoissn  sj^snrs. 

Msehanleal  dTurabilitj  of  tho  Phillips  Turbins  Slnnlator,  sorority 
of  tho  cjelle-tsBpsraturs  proesdurs,  and  prsoislon  of  tho  tost  ■othod  bars 
boon  doBonotratsd  to  bs  adsqoats  for  uss  in  propossd  toot  programs. 

It  is  rsooBBsndsd  that  ws  proessd  with  our  inrsstigatlon  to 
dstsndns  ^sthsr  tho  aaxlnm  sulfur  liadt  of  O.4O  wsl^t  psr  cant,  eurrsnbly 
alloMsd  in  grads  JP-5  aTiation-turblns  fusl,  is  a  safs  Isrsl  for  tho  pro- 
tsotion  of  turbins  ■atsrials  in  snginss  of  adranesd  dsaign.  Sqphasis 
should  bs  idaesd  on  tsxt^Ioo  lorsls  of  sulfur  by  ovaluating  tho  offset  of 
O.OyitOj  0.0040,  and  O.OOO4O  wsl^t  par  esnb  sulfur  in  JP-5  fusl.  Tho  Phillips 
Turbins  Simulator  Aould  bs  ussd  oith  a  rapid>eyeling  proesdurs,  haring 
a  maximum  tsmpsraturs  of  2000  F,  and  mlth  1.0  ppm  soa  salt  in  air.  Tho  hot 
oorrosion  of  turbins  matsrlals,eorsiing  a  broad  rango  in  eomposltion,  riionld 
bs  studlsd  by  using  sl^t  dlffsrsnt  nleksl-baas  suMrallqys  with  two  dlffsrsnt 
eoatings  (aluminum  and  ehromlusHaluminum  dlffusien)  and  four  dlffsrsnt  eobalt- 
baso  supsralloys  with  ons  coating  (ehromlum-aluminum  diffusion). 
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4.  asOLTS  AMD  nrannssTCw 

In  a  prarloas  cfcoc^  (4)  the  PhlUipa  Turbine  Sinnlator,  operated 
at  1650  F  q)eeijun  teaperatture,  naa  deaonatrated  to  hare  adequate  oeehanloal 
durabllitj  and  preoislan  for  use  in  eraluating  the  effeet  of  aulfur  in  fuel 
on  hot  eorroelonj  howeirer«  eopoaure  tines  of  50  to  100  hours  for  bare  supe]>- 
allogrs  and  orer  350  hours  for  aose  eoatinthsuperallqjr  flQrstaaw  were  indicated. 
It  was  reeassMnded  that  a  OTolio-tenperature  procedure  be  considered,  using 
the  Phillips  Turbine  Sinulator,  to  span  the  range  of  temperatures  of  interest 
in  a  single  test  and  thus  reduce  the  tine  required  to  cinq^ete  the  inresti- 
gation  of  the  effeet  of  sulfur  in  fuel  on  hot  corrosion  of  coated  superalloxs 
in  a  narine  anrlroonent. 

The  prinary  purpose  of  the  current  inrestigation  was  to  eraluate 
the  perfomanee  of  the  Phillips  Turbine  Sinnlator,  using  a  qrelle^enperature 
procedure,  with  reqpeet  to  neehanieal  durability  and  precision,  and  to  obtain 
an  estinate  of  the  sererlty  of  the  operating  conditions.  An  adsquate  supply 
of  bare  and  Misco  MX-1  coated  Inconel  7130  s^lnans  was  available  from 
batches  used  in  the  previous  investigation  (4).  In  addition,  a  United 
nnnber  of  speeinens  of  six  superalloys  (IH-100,  Inconel  713C,  Udinot  700, 
Mar-11421,  IM-73d*  end  Odinat  500)  were  available  as  part  of  a  ” round-robin” 
testing  program  of  the  ASTM  Hot-Corrosion  Task-Force,  and  these  superallcys 
were  included  in  the  investigation.  Except  for  Mar-lf42l  and  Udinat  500 
these  superallcys  are  scheduled  for  ineluslcm  in  our  future  test  programs. 
Speeinens  were  e^qposed  at  15  atmospheres  combustor  pressure  in  the  presence 
of  1.0  ppm  sea  salt  in  air  and  0.04  wel^  per  cent  sulfur  in  fuel  at  noednal 
eidiaust-gas  temperatures  from  1000  to  2000  F.  The  cyclic  testing  was  halted 
at  U-honr  intervals  to  allow  visual  inspection  of  specimens.  Specimens  of 
ead)  superalloy  and  coating-superalloy  systaa  were  removed  at  the  first 
sign  of  significant  hot  corrosion  or  coating  breakdown.  Replacements  were 
nade  to  obtain  four  different  levels  of  attack  on  each  test  naterial. 

Details  concerning  the  test  equipment,  test  materials,  and  test 
procedures  are  presented  in  Appendieles  1,  2,  and  3,  respectively,  idiich  are 
Seetions  8.,  9.,  and  10.  of  this  report. 

The  test  idan  proposed  for  use  in  the  future  evaluation  of  the 
effeet  of  sulfur  in  fuel  on  hot  corrosion  of  superallcys  in  a  marine  en- 
virtnmwnt  was  used  in  this  investigation  and  is  described  in  Section  10.4. 
of  Ajqpsndix  3.  This  test  plan  provides  for  the  use  of  a  block  of  four 
positions  in  a  row  of  the  specii^  retainer  to  expose 'two  test  specimens 
at  each  of  four  different  lengths  of  time,  with  the  duplicate  specimens  nt- 
posed  during  different  test  periods. 

The  availability  of  only  four  test  specimens  of  four  of  the  six 
saperallcys  in  the  ASTM  portion  of  the  program  required  a  modification  of 
the  test  plan  for  some  of  the  blocks. 
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4.1.  Taat-Sactlo^ 

SooM  nadhanleal  problaaa  mra  aneoimtared  with  the  epeeinen  drlTe 
•eetlon  daring  this  inreatlgation.  Wear  and  attack  on  ooeiponente  ejqMaed 
to  hot  gaae*  was  greater  than  during  the  previoua  test  (4)  at  lower  eodiaast'- 
gas  taqperature;  howerer,  the  problens  were  corrected  bj  replacsnent  of  parts 
and  it  was  concluded  that  this  design  for  a  test  section  has  satisfactozy 
darabilitj  for  use  in  eonducting  future  test  prograae. 

During  the  first  10  periods  (110  hours)  the  toiq>erature  profile 
of  the  gas  froa  the  conbastor  showed  an  Increased  qxroad  with  tine  during 
each  period,  and  at  the  end  of  each  period  the  first  internal  deflector  ddrt 
was  danaged  to  ^e  extent  that  the  flane  tube  required  resnral  for  replaoe- 
■snt  and  repair.  ''10  hours  the  flane  tube  was  changed  fren  Configuration 
15  to  Configuration  20  of  Table  13  (Appendix  1,  Section  8.2.).  This  change 
in  the  conbustor  cen:.igaration  elinlnated  the  flane-tube-durability  problns 
and  isprored  the  te^wrature  profile. 

4.2.  DsDOslt-Welsfat  Data  _ 

After  eoqnsure  to  the  hot  gases  ‘for  the  desired  periods  of  tine 
speolnens  were  rasored  fron  the  retainer,  weired  with  deposits  in  place, 
electro-cleaned  to  renors  the  surface  deposits  and  scale  end  then  reweig)ied. 
The  wei^t-of-deposit  on  a  speclnsn,  after  exposure,  was  calculated  as  the 
difference  in  the  wei^t  of  the  specinen  as  remored  from  the  test  rig  and  the 
weight  after  electro-cleaning.  The  deposit-weight  and  deposit-wel^t  per 
unit-area  of  new  specimens  are  shown  for  each  specimen  in  Tables  1,  2,  and 
3.  Deposits  were  observed  to  flake  off  the  specimens  as  they  cooled  and  thus 
the  amount  of  deposits  on  the  specimens  during  exposure  majr  be  greater  than 
the  indicated  weights. 

The  deposit-weight  per  unit-area  data  were  examined,  and  for  those 
oases  idieie  duplicate  aMasureswnts  were  ayailable  an  Aimlysie-of-Tarianee 
technique  was  used;  to  determine  the  effect  of  time-of-eoqposure  on  the  aiK>unt 
of  deposit  i.r  a  qpeciuen.  It  was  concluded  that  there  was  no  statistically- 
significant  eifect  of  tim^of-ezqwsure  on  weight-of-deposits  on  any  of  the 
superallojs  or  the  coating-alloy  system. 


An  examination  of  the  deposit-wei^t  data  for  the  six  superalloys 
in  the  ASTM  portion  of  the  program  (Table  l)  indicated  no  statistically- 
sigpiificant  difference  in  the  asKnint  of  deposits;  hcwever,  as  shown  in  the 
following  tabulation,  the  marl  mm  welght-of-deposlts  increased  with  an 
increase  in  chromium  content  of  the  superalloys. 


Chromium 


IR-lOO  10.1 
Inconel  713C  13.0 
Ddimet  700  14.3 
IK-738  15.0 
MaiwlUf21  15.1 
Udimet  500  18.9 


Marl  mum  Deposit 


20.85 

29.88 


25.46 

28.72 

37.30 


•  • 
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lEPOSIT  AND  WEIfflT  L03S  DATA  Ffft  ASTM  SHSCIMENS 


(a) 

Position 

Specimen 

Number 

E:^sare 

Time, 

Hours 

Sxposure 

Period 

Numbers 

■  Deposits 

m^em2 

Total  Specimen 

mg  ing/r»m2 

3A 

45 

11 

m-ioo 

1  86.4 

n.l3 

977.2 

125.92 

3P 

46 

22 

1-2 

133.3 

17.18 

1782.7 

229.72 

3K 

47 

33 

1-3 

148.8 

19.17 

2397.6 

308.96 

3P 

4S 

44 

1-4 

49.8 

6.42 

2883.6 

371.58 

24 

25 

11 

Inconel 

1 

7130 

6572 

8.40 

496.5 

63.98 

2M 

76 

11 

5 

82.2 

10.59 

407.2 

52.47 

2C 

26 

22 

1-2 

99.6 

12.83 

912.4 

n7.57 

2K 

75 

22 

4-5 

76.1 

9.81 

365.5 

45.94 

2K 

27 

33 

1-3 

97.0 

12.50 

1272.5 

163.97 

2C 

74 

33 

3-5 

161.8 

20.85 

461.1 

59.42 

2M 

28 

44 

1-4 

120.1 

15.46 

1552.6 

200.07 

24 

73 

44 

2-5 

159.7 

20.58 

1381.2 

177.98 

3D 

33 

22 

Udimet 

1-2 

700 

137.2 

17.68 

547.7 

70.58 

3H 

34 

44 

1-4 

72.8 

9.38 

1273.1 

164.05 

3Q 

35 

66 

1-6 

231.9 

29.88 

2458.2 

316.76 

3R 

36 

88 

1-8 

121.8 

15.70 

2539.8 

327.28 

3E 

41 

22 

1-2  n3.9 

14.68 

537.0 

69.20 

3G 

42 

44 

1-4 

134.6 

17.34 

979.0 

126.15 

3L 

43 

66 

1-6 

222.9 

28.72 

• 

fiO 

to 

236.88 

3M 

44 

88 

1-8 

206.2 

26.57 

2238.0 

288.39 

2D 

29 

22 

IN-738 

1-2  80.4 

10.36 

333.2 

42.94 

2G 

30 

44 

1-4 

148.1 

19.08 

754.0 

97.16 

2J 

31 

66 

1-6 

173.9 

22.41 

1176.3 

151.58 

2R 

32 

88 

1-8 

197.7 

25.46 

1479.0 

190.58 

3B 

37 

44 

Udimet  500 

1-4  46.0 

5.93 

435.6 

56.13 

3P 

80 

44 

5-8 

65.4 

8.43 

158.2 

20.39 

30 

38 

77 

1-7 

75.6 

7.74 

1070.0 

137.88 

3K 

79 

77 

4-10 

235.7 

30.37 

918.1 

118.31 

3J 

39 

no 

1-10 

208.7 

26.89 

1761.4 

226.97 

3F 

78 

no 

3-12 

133.1 

17.15 

1760.4 

226.84 

3N 

40 

143 

1-13 

289.5 

37.30 

3339.9 

430.38 

34 

77 

143 

2-14 

141.3 

18.21 

3194.8 

/»n.68 

(a)  Position  in  bolder:  1  -  Front  Row,  2  =  Second  Row,  3  “  Roar  Row. 
Letter  Position  in  Row. 
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TABIg  2 


MI 

MENS 

Expoaure 

Ebqpoaure 

Total  Specimen 

(a) 

‘Specimen 

Time, 

Period 

Detx 

Weiflh 

t  Loaa 

Poaltion 

Number 

Houra 

Number 

-Sfi- 

ma/onfi 

■  Sg 

nui/cm2 

IH 

1 

55 

1-5 

54.1 

6.97 

311.8 

40.18 

IP 

170 

55 

12-16 

35.0 

4.51 

222.2 

28.63 

IK 

2 

77 

1-7 

31.7 

4.08 

900.6 

116.05 

IL 

166 

77 

10-16 

47.1 

6.07 

1090.8 

140.56 

IL 

3 

99 

1-9 

46.4 

5.98 

1513.7 

195.06 

IK 

150 

99 

8-16 

44.0 

5.67 

1844.9 

237.73 

IP 

4 

121 

1-U 

53.9 

6.95 

2336.8 

301.12 

IR 

146 

121 

6— 16 

32.5 

4.19 

2884.7 

371.72 

IS 

5 

55 

1-5 

47.0 

6.06 

275.4 

35.49 

IR 

171 

55 

12-16 

33.4 

4.30 

297.6 

38.35 

IF 

6 

77 

1-7 

34.5 

4.45 

799.2 

102.98 

IQ 

167 

77 

10-16 

47.1 

6.07 

1261.4 

162.54 

IQ 

7 

99 

1-9 

62.8 

8.09 

1372.8 

176.90 

IF 

151 

99 

8-16 

36.7 

4.73 

a55.5 

277.76 

IR 

8 

121 

1-11 

59.4 

7.65 

a35.5 

275.18 

IE 

147 

121 

6-16 

37.2 

4.79 

3132.7 

403.68 

IB 

9 

55 

1-5 

45.2 

5.82 

328.1 

42.28 

IM 

172 

55 

12-16 

45.3 

5.84 

643.3 

82.90 

1C 

10 

77 

1-7 

42.3 

5.45 

872.9 

112.48 

ID 

168 

77 

10-16 

39.8 

5.13 

428.7 

55.24 

ID 

11 

99 

1-9 

61.1 

7.87 

1343.2 

173.08 

1C 

152 

99 

8-16 

35.1 

4.52 

1610.6 

207.54 

IM 

12 

la 

1-11 

62.7 

8.08 

2399.1 

309.15 

IB 

148 

la 

6--' 6 

39.8 

5.13 

2689.2 

346.53 

lA 

13 

55 

1-5 

53.5 

6.89 

208.8 

26.91 

IN 

173 

55 

12-16 

31.9 

4.11 

643.0 

82.86 

IG 

14 

77 

1-7 

42.2 

5.44 

8a. 9 

105.91 

IJ 

169 

77 

10-16 

38.0 

4.90 

920.5 

118.62 

IJ 

15 

99 

1-9 

65.5 

8.44 

1414.3 

182.25 

IG 

153 

99 

ft-l6 

37.8 

4.87 

2025.5 

261.01 

IN 

16 

la 

1-11 

57.2 

7.37 

2358.6 

303.93 

lA 

149 

la 

6-16 

45.9 

5.91 

269". 1 

347.55 

(a)  Poaltion  in  holder:  1  ■■  Front  Row,  2  “  Second  Row,  3  =  Roar  Row, 
Letter  -  Poaltion  in  Row. 
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cS) 


174  55  11-15  32.1  4.14  798.6  102.91 

175  55  11-15  36.9  4.76  900.4  116.03 

376  55  11-15  35.5  4.57  570.0  73-45 

177  55  11-15  35.0  4.51  272.8  35.15  • 


182 

55 

11-15 

33.0 

4  25 

551.0 

71.00 

1S3 

55 

11-15 

32.8 

4.23 

486.2 

62.65 

164 

55 

11-15 

32.6 

4.20 

422.6 

54.46 

185 

55 

11-15 

37.1 

4.78 

357.7 

46.09 

(a)  Poaltlan  In  holder:  1  =  Front  Row«  2  *=  Second  Row,  3  =  Rear  Row. 
Letter  ~  Position  in  Row. 
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PKPOSIT  AND  WRIGHT  LOSS  PITA  FOB 


INCOWL  713C  SIBCIKmS 


(a) 

Position 


81  (b)  • 

11 

Block 

6 

Ji 

89.k 

11.52 

72  (b) 

11 

10 

123.0 

15.85 

82  (b) 

22 

6-7 

78.4 

10.10 

71  (b) 

22 

9-10 

127.1 

16.38 

83  (b) 

33 

6—8 

89.8 

11.57 

70  (b) 

33 

8-10 

171.8 

22.  U 

84  (b) 

44 

6-9 

129.6 

16.70 

69  (b) 

44 

7-10 

168.1 

21.66 

21  (c) 

11 

Block  3 

1  91.8 

11.83 

56  (c) 

11 

5 

117.0 

15.08 

22  (c) 

22 

1-2 

98.0 

12.63 

55  (c) 

22 

4-5 

99.5 

12.82 

23  (c) 

33 

1-3 

118.6 

15.28 

54  (c) 

33 

3-5 

113.8 

17.24 

24  (c) 

44 

1-4 

64.4 

8.30 

53  (c) 

U 

2-5 

124.9 

16.09 

85  (c) 

11 

Block  4 

6  95.5 

12.31 

92  (c) 

11 

10 

142.5 

18.36 

86  (o) 

22 

6-7 

83.5 

10.76 

91  (c) 

22 

9-10 

105.6 

13.61 

37  (c) 

33 

6-8 

80.1 

10.32 

90  (c) 

33 

8-10 

137.1 

17.67 

88  (c) 

U 

6-9 

126.4 

16.29 

89  (c) 

44 

7-10 

167.0 

21.52 

Sqsosure  Ea^sore 


Specimen 

Time 

Period 

-  - 

Nuiid>er 

Hours 

Numbers 

(b) 

Block 

JL 

17 

11 

1 

90.7 

11.69 

52 

(b) 

11 

5 

112.4 

14.48 

18 

(b) 

22 

1-2 

95.1 

12.25 

51 

(b) 

22 

4-5 

97.5 

12.56 

19 

(b) 

33 

1-3 

102.5 

13.21 

50 

(b) 

33 

3-5 

155.4 

20.02 

20 

(b) 

44 

1-4 

74.6 

9.61 

49 

(b) 

44 

2-5 

152.8 

19.69 

(a)  Position  in  holder:  1  >-  Front  Row,  2  «■  Second 
Letter  **  Position  in  Row. 

(b)  Heat  No.  RN  437.  (c)  Heat  No.  RN  424. 


Total  Specimen 
Weight  Loye 

mg  mg/cm^ 


259.7  33.46 
225.0  28.99 
662.9  85.42 

225.1  29.01 
1125.3  345.01 

496.4  63.97 
1326.0  170.87 

1058.1  136.35 


110.7  14.26 

203.2  26.18 

417.8  53.84 
630.6  81.26 

619.9  79.88 

780.4  100.56 
riJ4.5  U3.61 

732.5  94.36 


180.^'  23.19 

210.6  27.14 
590. o  76.10 
246.0  31.70 
1084.7  139.77 

463.1  59.68 

1131.2  145.77 

1139.3  146.81 


134.1  17.28 
201.0  25.90 

340.2  43.84 

656.2  84.56 
443.4  57.34 

788.2  101.57 

948.2  122.18 

673.7  86.81 

Row,  3  •“  Rear  Row. 
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TARTE 

qSMSIT.AHD  WEIfflT  LOSS  MM  FOR 
mCOBEL  713C  SISCJKEMS  (ContlnMed) 


(a) 

Position 


Esqposure 

Exposure 

Total  Specimen 

Specimen  Time, 

Period 

Denosits 

Waiffht  Loss 

Number 

Hours 

Numbers 

ms 

mg/cm* 

mg  mg/cm^ 

Block  5 

93  (o] 

11 

6 

77.4 

9.97 

64.5  8.31 

100  ^c] 

11 

10 

111.5 

14.37 

153.4  19.77 

94  (c 

22 

6-7 

135.0 

17.40 

286.4  36.91 

99  (cj 

22 

9-10 

126.3 

16.28 

559.0  72.03 

95  (c] 

33 

6-8 

69.4 

8.94 

609.3  78.51 

98  (c] 

33 

8-10 

123.8 

15.95 

762.0  98.19 

96  (c 

44 

6-9 

126.2 

16.26 

926.6  119.40 

97  (cJ 

44 

7-10 

175.2 

22.58 

809.4  104.30 

57  (b)  44 

3-6 

108.4 

13.97 

938.1  120.88 

58  (bj 

1  33 

5-7 

71.8 

9.25 

805.2  103.76 

59  (b) 

1  22 

7-8 

43.4 

5.59 

40.4  5.21 

60  (b) 

U 

9 

101.3 

13.05 

181,0  23.32 

105  (c) 

U 

7-10 

169.4 

21.83 

866.5  m.66 

106  (c) 

33 

8-10 

113.8 

14.66 

737.2  95.00 

107  (c) 

22 

9^10 

117.2 

15.10 

692.2  89.20 

108  (c) 

11 

10 

136.9 

17.64 

220.4  28.40 

Block 

6 

125  (c) 

11 

11 

91.5 

11.79 

305.9  39.42 

132  (c) 

11 

15 

71.4 

9.20 

303.9  39.16 

126  (c) 

*  22 

11-12 

112.4 

14.48 

775.7  99.96 

131  (c) 

22 

14-15 

78.4 

10.10 

891.5  114.88 

127  (c) 

33 

11-13 

103.0 

13.27 

1163.7  149.95 

130  (c) 

33 

13-15 

95.4 

12.29 

1475.5  190.13 

128  (c) 

44 

11-14 

84.4 

10.88 

1532.0  197.a 

129  (c) 

44 

12-15 

93.3 

12.02 

1771.6  228.29 

Block  7 

117  (c) 

11 

U 

103.3 

13.31 

294.9  38.00 

124  (c) 

11 

15 

66.6 

8.58 

254.3  32.77 

118  (c) 

22 

11-12 

110.2 

14.20 

893.9  115.19 

123  (c) 

22 

U-15 

93.4 

12.04 

830.6  107.03 

119  (c) 

33 

11-13 

129.4 

16.67 

1258.2  162.13 

122  (c) 

33 

13-15 

80.1 

10.32 

1417.7  182.68 

120  (c) 

44 

11-14 

99.4 

12.81 

1853.9  238.89 

121  (c) 

44 

12-15 

74.4 

9.59 

1613.7  207.94 

(a)  Position  in  holder:  1  -  Front  Row,  2  “  Second  Row,  3  =  Rear  Row. 
Letter  -  Position  in  Row, 

(b)  Heat  No.  Rtf  437.  (c)  Heat  No.  RN  424. 
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am..  3 


■  1  ■  1  11  I  Mil  1 

Speeiaen 

1  Number 

INCCyEL  713C  8PBC1HBN3  CContHmed) 

Ejtpo8ar0  Exposure  ^  - 

*M«a^  Psposlti 

Total  Specimen 
_ WalAt  Loss _ 

Foeitlox 

Hours 

Number 

m* 

me/cm^ 

14.77 

ms 

ma/cffl^ 

2^ 

133  (c) 

11 

Block  8 

11 

114.6 

211.1 

27.20 

» 

140  (c) 

11 

15 

65.0 

8.38 

283.0 

36.47 

2C 

134  (c) 

22 

11-12 

95.6 

12.32 

813.8 

104.87 

2K 

139  (c) 

22 

14-15 

65.5 

8.U 

859.9 

110.81 

2K 

135  (c) 

33 

11-13 

84.4 

10.88 

1387.5 

178.79 

20 

138  (c) 

33 

13-15 

81.0 

10.44 

1269.9 

163.64 

» 

136  (c) 

U 

11-14 

83.4 

10.75 

1816.0 

234.00 

2k 

137  (c) 

44 

12-15 

71.3 

9.19 

1705.6 

219.78 

3D 

61  (b) 

44 

3-6 

138.2 

17.81 

850.0 

109.53 

3H 

62  (b) 

33 

5-7 

93.9 

12.10 

665.3 

85.73 

3Q 

63  (b) 

22 

7-8 

68.6 

8.84 

63.1 

8.13 

3R 

64  (b) 

n 

9 

35.7 

4.60 

143.5 

18.49 

3D 

109  (c) 

44 

7-10 

172.1 

22.18 

639.6 

82.42 

3H 

UO  (c) 

33 

8-10 

157.4 

20.28 

511.9 

65.96 

3Q 

in  (c) 

22 

9-10 

169.3 

21.82 

445.4 

57.39 

3R 

112  (c) 

11 

10 

100.0 

12.89 

159.4 

20.54 

3E 

65  (b) 

44 

3-6 

121.5 

15.66 

620.8 

80.00 

30 

66  (b) 

33 

5-7 

77.3 

9.96 

785.7 

101.24 

3L 

67  (b) 

22 

7-8 

59.4 

7.65 

54.7 

7.05 

3M 

68  (b) 

11 

9 

99.3 

12.80 

293.9 

37.87 

3B 

113  (c) 

44 

7-10 

164.4 

21.18 

502.0 

64.69 

30 

114  (c) 

33 

8-10 

164.4 

a.i8 

532.2 

68.58 

3L 

115  (c) 

22 

9-10 

131.2 

16.91 

567.9 

73.18 

3M 

116  (c) 

11 

10 

136.9 

17.64 

155.6 

20.05 

3D 

lU  (c) 

11 

? 

11 

98.8 

12.73 

215.3 

27.74 

3R 

192  (c) 

11 

15 

74.3 

9.57 

153.9 

19.83 

3H 

142  (c) 

22 

11-12 

122.1 

15.73 

699.3 

90.11 

3Q 

191  (c) 

22 

14-15 

71.5 

9.21 

649.5 

83.69 

3Q 

143  (c) 

33 

U-13 

100.8 

12.99 

912.7 

317.61 

3H 

190  (c) 

33 

13-15 

102.0 

13.34 

1166.5 

150.32 

3B 

lU  (c) 

44 

11-14 

90.3 

11.64 

1447.0 

186.46 

3D 

145  (c) 

44 

12-15 

81.3 

10.48 

1265.8 

163.31 

(a) 

Position  in 

holder:  1 

Front  Row, 

2  Second  Row, 

3  “  Rear 

Row. 

(b) 

Letter  «  Position  in  Row. 

Heat  No.  RW  437.  (c)  Heat  No.  RH  424. 
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mssp^^ML 

- L  713C 


LM*  :-1 


(a) 

SpaelDMn 

Poaltl,^ 

JWbtr 

3B 

193  (c) 

3C 

194  (a) 

3J 

195  (c) 

3H 

196  (o) 

3B 

162  (e) 

3C 

163  (c) 

3J 

164  (c) 

3N 

165  (c) 

3P 

154  (c) 

3K 

155  (c) 

3F 

156  (c) 

3A 

157  (e) 

3P 

31 

158  (c) 

159  (c) 

3P 

160  (o) 

34 

161  (c) 

3B 

101  (c) 

3C 

102  (c) 

3J 

103  (cj 

3M 

104  <c) 

Expo aura 

Xscpoaora 

Tlaa, 

Parted 

Hotira 

Jmbara 

44 

13-16 

33 

14^16 

22 

15-16 

11 

16 

44 

9-12 

33 

11-13 

22 

13-14 

11 

15 

44 

9-12 

33 

11-13 

22 

13-14 

11 

15 

U 

13-16 

33 

14^16 

22 

15-16 

U 

16 

44 

5-8 

33 

8-10 

22 

11-12 

U 

14 

(a)  Poaltlon  In  holdar:  1  «  Front  Row, 
Lattar  "  Foaltlon  In  Sow. 


Total  fit'll  tn 

-.ftPgfttT - tfalAt  V>«, 


JE- 

132.6 

17.09 

1592.2 

205.17 

94.3 

12.15 

1124.6 

144.92 

93.4 

12.04 

556.4 

71.70 

78.8 

10.15 

121.7 

15.68 

165.2 

21.29 

1454.0 

187.36 

104.1 

13.41 

923.9 

119.05 

121.7 

15.68 

489.1 

63.02 

106.1 

13.67 

193.1 

24.88 

151.1 

19.47 

1526.7 

196.73 

88.5 

11.40 

975.8 

125.74 

113.7 

14.65 

539.4 

69.51 

62.0 

7.99 

156.8 

20.20 

115.3 

14.86 

1469.9 

189.a 

90.4 

11.65 

1151.2 

148.34 

109.3 

14.08 

527.2 

67.94 

82.9 

10.68 

108.5 

13.98 

103.6 

13.35 

742.7 

95.70 

150.0 

19.33 

529.4 

68.22 

91.4 

11.78 

689.3 

88.82 

100.8 

12.99 

184.7 

23.80 

2  -  SaoocMl  Row,  3  -  Roar  Row. 


1 


(b)  Haat  Ho.  RH  437. 
(e)  Haat  Mo.  BV  424. 
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4.3.  Data 

lha  Mtal  vai^t-loaa  of  a  apaelMn  vaa  oaleulatad  aa  tha  diffar- 
anoa  batvaan  tha  wal|^t  of  a  naw  qpaolaan  and  tha  waij^t  of  tha  alaotro- 
elaanad  apaoiaan  following  aapoanra  to  hot  gaaaa.  Tha  waii^t-loaa  and 
wal^t-loaa  par  tmit-araa  for  qpaelMns  in  tha  4STM  progran*  Mlaoo  MDC-1 
eoatad  Incqnal  7:pc  apaeinana,  and  bara  Ineonal  713C  apaeiaana  ara  ihown 
In  Tablaa  1,  2,  and  3  raapaetiTaly. 

4.3.1.  Darlation 

In  prevloua  atudlaa  (l)  of  waij^t-loaa  fron  hot  eorroalon,  uaing 
a  oaaeada-apaciaan  holdar  Bountl^  two  flat  apaeinena  in  aaeh  of  thraa  atagaa 
and  aoqpoaing  apaclaena  to  hot  gaaaa  in  a  S-hour  taat,  a  uniform  ooaffioiant- 
of-variation  of  tha  data  waa  found  and  logarithma  of  wal^t-loaa  par  unit- 
araa  ware  uaed  to  provida  a  baaia  of  unlfom  varianoa.  Tha  atandard  da- 
▼iationa  for  the  two  programa  wara  aatimatad  to  ba  0.355  and  0.288  in  taxna 
of  logarithma  or  eoafficiant»>of-Tariation  of  116  and  94  par  oant.  In  a 
raeant  imraatigation  (4)«  round  apacimana  of  bara  Inoonal  7130  wara  a^qpoaad 
at  tamparaturaa  of  I65O  F  for  parioda  of  up  to  150  houra.  An  aatimata  of 
tha  atandard  dariation  from  the  data  waa  0.022  in  tarma  of  logarithma  or 
a  ooofflelant-of-Tarlatlon  of  5.3  per  cant;  howerar^  thla  yalua  ia  an 
aatijMta  of  apaolaan-to-apaolman  yarlablUty  within  a  taat  whlla  tha  prevloua 
aatimata  rapraaented  dlffaranoaa  betwaan  taata. 

An  analjala  of  the  raw  data  (me/cm^)  for  tha  current  inveatiga- 
tlon  indicated  a  rmlform  coafflcienb-of-variation  of  the  data  and  logarithma 
of  walght>'lo88  per  unlt»area  have  bean  uaed  in  tha  following  analjraea. 

Bacauae  only  four  apeclmena  ware  available  for  each  of  four 
auparalloya  in  the  ASTM  portion  of  the  tnvaatigation.  It  waa  neeaaaary 
to  modify  the  teat  plan  for  acme  poaitlona  in  the  apecijnen  retainer  and 
duplicate  apeclmena  were  teated  oonaecutlvely  in  the  aaaie  poaltion  rather 
than  in  blooka  aa  planned.  During  the  initial  portion  of  the  taat,  flame- 
tuba  durability  waa  poor  and  it  waa  naceaaary  to  replace  the  flame  tuba 
at  aaoh  alevan-hour  Inapactlon.  After  ten  teat-pez>loda  (110  hoi^^e)  a 
change  waa  made  from  flame  tubea  of  Configuration  No.  15  to  No.  20  (Table 
13).  Taat  qpeoimena  in  the  ASTM  portion  of  the  program  were  formed  by 
lounge  grinding  while  tha  rmaalnlng  apacimana  were  formed  aa  Invaatment 
caatlnga.  Therefore,  tha  ASTM  apacimana  have  bean  conaidarad  aaparataly 
bacauae  of  tha  difference  in  aurface  flniah. 

For  each  pair  of  wali^t-loaa  valuea  an  eatimate  of  exparimantal 
variance  can  ba  obtained  with  one  degra»>of-freedom.  Appropriate  valuea 
have  bean  pooled  and 'a  aaBHuy  of  tha  aatimataa  of  azparimantal  variance, 
baaad  on  logarithma  of  wali^t-loaa  per  unit-area,  ara  abown  in  Table  4. 

All  aatimataa  of  atandard  davlatlona  for  tha  currant  progrim  ara  equal  to, 
or  lowm*  than,  the  eatimatea  from  the  prevloua  programa  uaing  flat  apacimana 
(0.355  and  0.288);  however,  aa  aoqpaotad,  tha  valuea  are  not  aa  anall  aa 
tha  wlthln-taat  variability  of  tha  moat  recant  taat^  (0.022). 


BasMroh  and  OifrnlopMafc  Inpnrt  5423-19 
IhSULk 

«sTim«s  GT  iMciaiai  nxM  hot  coaoWM,  BgT  Hklk 

A.  InfifivflTl 

1.  Btfara  caid>ttt^  Dnplicat#  d«U  frA  block,  and  batiiMn 

dnpUeaba.  with  no  orarlap. 

cTg^  -  0.07273  (d.f.  -  32) 

^  -  0.26960 

Coaffloivxt  of  Varlatl«i«  ^  “  06.1 

2.  Duplioata  data  from  block,  and  brtwowj 
doi^oate.  vlth  no  ovM*lap. 

^  -  0.00A07  (d.f.  -  24) 

^  -  0.06300 

Coefflcimt  of  Tarlatlon,  %  ■■  15*0 

B.  A3TM  Mrtal. 

1*  iweonai  71 '^Cs  OopUcat.  data  fi^  blodc  b^Tor.  ooAuator  nodlfloatlon. 

=  0.04635  (d.f.  «  4) 

-  0.21529 

CoofflelMit  of  Variation,  %  «  64.2 

2.  •iflOi  DaplioAo  data  froa  blodt  bafor.  and  after  ecabaitor 

Bodlfloatlon. 

-  0.02470  (d.f.  -  4) 

(?“  -  0.15742 

Coafflclvit  of  Variation,  %  ~  43*7 
3*  Poolai  for  Asm  iB.tal.8  Inconal  713C  and  Odlawt  500. 

(^-  0.03556  (d.f.  •  0) 

^  -  0.10057 

Coafflclast  of  Variatiai,  %  *■  54.4 
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liSm  4 

sgmugs  OF  WaCISIOH  FBCM  hot  COBROaiat  UST  pita  (Gaa^inimA) 


c.  ittioo  MDC-1  C04t6d  Inoonl  713C 

Eatlaatas  uslxig  duiQloate*  fraa  blodca  before  end  after  conbustor 
Bodlfleatlon. 

A  » 

*  -  0.01904  (d.f .  -  16) 
r  -  0.13799 

Coefflolmt  of  Variation,  %  -  37*4 
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Data  on  bare  Inoonel  713C  speolBena  expoaed  prior  to,  and  after, 
the  eoabuetor  aodif loatlon  are  arallable  and  pezvit  an  eraluation  of  the 
effect  of  the  ooabustor  ■odifioatlon  on  the  preeleion  of  the  weli^it-lose 
data,  ia  ihoim  in  Table  4,  the  eetlaate  of  the  standard  deriatlon  of  wel^t- 
loBS  per  onlt-area  tor  bare  Inoonel  713C  speeiaens  exposed  prior  to  the 
eeabnstor  aodification  was  •  0.26969,  or  a  eoeffieient>^f-Tariation 
of  86.1^,  and  the  estlaate  the  standard  deriatlon  of  data  after  the 

eoabustor  aodlficatlon  was  ^  «  0.06360,  or  a  ooeffieient-of-Tarlatlon  of 
15. The' i>eduetlon  in  cxparlaental  Tarlanoe  froa  the  eoabustor  andlfleatlon 
is  statlstiealij  significant,  and  the  eoabustor  aodifleation  iaprores  test 
precision. 


In  the  iSTM  portion  of  the  Inrestigation  only  two  of  the  supers 
alloys  were  eraluated  in  duplicate  (Inconel  7130  and  Ddiaet  500)  and  the 
azperiaental  variance  to  Judge  astal  eoaparlsons  was  estiaated  froa  these 
duplicates.  Data  on  Inconel  7130  w^re  obtained  prior  to  the  coBd>nstor 
aodificatlcn,  and  data  on  Odiaet  500  /fere  obtained  both  before  and  after 
the  eoabustor  aodlfloatlon.  The  pooled  value  for  the  estiaate  of  the  stan^ 
ard  deviation  (a  *  0.16857)  includes  the  effect  of  the  eoabustor  aodlficatlon 
on  precision. 

The  estiaate  of  ^e  standard  deviation  for  the  Mlsco  MX-1  coated 
Inoonel  7130  speeiaens  is  0.13799,  or  a  eoefficlent-of-variatlon  of 
37.4iC.  The  aodUflcatlon  of  the  eoabustor  occurred  such  that  the  effects  of 
the  sadificatlon  ai*e  confounded  between  duplicates,  and  the  estiaate  of  the 
standard  deviation  could  be  higiiar  than  would  have  been  estiaated  had  all 
data  been  obtained  after  the  eoabustor  aodifleation.  Based  on  the  data 
available,  the  estiaate  of  the  standard  deviation  for  coated  superalloys 
(as  represented  by  IQ.sco  MOC-l  coated  Inconel  7130)  is  Isgnlfioantly  higher 
than  the  estiaate  of  the  standard  deviation  for  the  bare  Inconel  7130  eoqposed 
after  the  eoabustor  aodifleation.  While  this  indication  of  poorer  precision 
asy  be  characteristic  of  coating  deterioration,  additional  data  are  needed 
to  establish  aore  valid  error  estiaates  for  eoaparieon  of  coated  superalloys. 

Froa  these  data  it  is  concluded  that  PhlUlps  Turbine  Siaulator, 
with  present  operating  procedures,  provides  iaproved  precision  and  diould 
allow  a  satlsfactoiy  evaluation  of  the  effect  of  sulfur  in  JP-5  fuel  on  hot 
corrosion  of  coated  superalloys  in  a  aarine  Mivironaent. 

4.3.2.  of  Weifdit  Loss 

Data  for  bare  Inconel  713C  speeiaens  exposed  in  blocks  in  Row  2 
of  the  speeiaen  retainer  (Blocks  1-6,  Table  3)  were  exaained  for  an  effect 
of  the  eoidiustor  undiflcatlon  on  the  aagnitude  of  weif^t-loss.  A  suasary 
of  an  Analysie-of-Tarlance  (AOF)  of  these  weight-loss  data  are  shown  in 
Table  5.  Statistically- slgi^loant  effects  of  Tlae-of -expo sore  and  HLoeka- 
of-data  on  wel|^t-loss  are  shown  in  the  analysis,  but  ’the  Tiae-by-Block 
Interaction  was  not  statistically  significant.  In  the  absence  of  a  Tlae-by- 
HLoek  interaction,  eoaparlsons  can  be  Bade  of  nean  weli^t-losses,  averaged 
over  tine  for  each  block.  Froa  the  estiaate  of  standard  deviation  a  Toler^ 
able-Spread-betweea-^Ieans  (TSN)  for  cos^rlsons  of  aeans  of  wel^t-loss  for 
Bloeks-of-data  was  calculated  to  be  0.14111  in  tens  of  logarlthas.  In 
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TAHia  i; 


EFfKTS  (g  TM.  HKilT.  AHD  OOHBUSTOR  MODIl 

(Bare  Inconel  713c -  Row  2 


CM  OM  HOT  CCRROSIOH 


A.  Analarale  of 


Oegreee  of 

Sonree  of  Variation  Freedom 


Sun  of  Sonaree 


Mfgffl  agw 


Total 
TIjm  (T) 
Blocks  (B) 
T  X  B 
Error 


63 

7.54642 

3 

5.59292 

1.86431  * 

7 

1.13192 

0.16170  * 

21 

0.18413 

0.00877 

32 

0.63745 

0.01992 

Asterisk  (*)  Indicates  a  significant  effect  at  95  per  cent  confidence  level. 


Block 

B. 

Heat  No. 

Combustor 

Modlflcatlcai 

Mean  tfelc^t  loss, 
los  ma/cm^ 

Geometric  Mean  tfei^t 
Loss,  me/cm^ 

5 

RV  424 

Before 

1.70282  1 

50.44 

4 

w  424 

Before 

1.75114 

56.38 

2 

W  437 

Before 

1.78124 

► 

60.42 

3 

Rir  424 

Before 

1.8Q4I3 

63.69 

1 

HW  437 

Before 

1.83945  J 

69.09 

8 

Rtf  424 

After 

2.02990  'I 

107.13 

7 

Rtf  424 

After 

2.04423 

► 

110.71 

6 

Rtf  424 

After 

2.04469  J 

110.84 

TSM  -  0.14111  (log  ng/m^) 
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Tabla  5  tha  naan  wai|^t-loaa  for  aaeh  ELoek  of  data  is  llstad  la  laeraasiiic 
ordar  and  tha  data  ara  saparatad,  on  tha  basis  of  tha  TSM,  into  two  groups 
that  dlffar  aigaifloantlj.  Fnoa  this  saparatlon  it  can  ba  otmolndad  that 
tha  esBbustor  ■odlfleatlen  algnifleantlj  Inoraasad  tha  nagnltuda  of  tha 
wsi^it-loss  of  bars  laoonal  713C  q^lnans.  It  oan  also  ba  oonelndad  that 
thara  is  no  statistloallx-slgnlfleant  diffaranoa  in  tha  raalatanea  to  hot 
eorroslon  attack  of  tha  two  haats  of  Ineonal  713C. 

Tha  linltad  data  avallabla  doas  not  prorlda  a  fin  aralnation  of 
tha  affact  of  rows  in  tha  spaelnan  ratainar,  if  kcj,  on  hot  eorroslon;  how- 
arar,  in  fotura  anparlsants  a  dasign  will  ba  usad  that  will  alinlnata  tha 
affact  of  rows  in  aagr  daslrad  ecsqMirlsons. 

ill  ■oanlngfnl  eoaparlsons  of  tha  ralatlra  raslstanoa  to  hot 
oorroslony  as  ■aasarad  bj  wal|^t>loss,  of  tha  six  suparallogrs  in  tha  ASTM 
portion  of  tha  program  haws  baan  made.  StoBsarlas  of  thraa  ACV  ara  ahown  in 
Tabla  6,  and  comparisons  of  moan  wal^t-lossos  ara  shown  in  Tabla  7.  Tha 
oxparlmoittsd  error  (0.03556)  to  Judga  metal  comparisons  was  estimated  from 
dnpUoates  on  Ineonal  7130  and  Ddimat  500. 

Specimens  of  IR-73S(  Udimat  TOO  and  l{a]>M!f2l  were  exposed  for  22, 
kU,  66,  and  88  hotirs,  and  an  AOT  indicated  no  statlstleallj-slgnifleant 
difference  in  wal^t-loss  between  these  three  saparallojs. 

Specimens  of  St-lOO  and  Inconel  7130  were  saq;)Osad  for  1L»  22,  33> 
and  44  hours  and  an  AO?  indicates  a  significant  difference  in  wal|^t~loss 
for  the  two  saperallojs.  A  cosqmrlson  of  the  naans  shows  that  tha  wai^t- 
loss  for  IH-100  is  larger  than  for  Inconel  7130. 

Using  only  two  of  the  time  points  for  each  of  the  five  suparalloys 
abore  (22  and  44  hours)  and  AO?  indicates  a  statistically- significant  affect 
of  suparallcy  on  weight-loss.  Ocmparlsons  of  means  indicated  that  tha 
wai^t-loss  with  m-lOO  was  ai^ilfleantly  greater,  and  tha  wei^t-loss  with 
Ineonal  7130  was  the  same  as  tha  wei|^t-less  with  III-738,  Ila]>-I142l  and 
Udimat  700. 

The  six  superalloys  in  the  ASM  program  were  soqposed  at  only  one 
comaon  time,  44  hours,  and  statistically- significant  differences  between 
thair  naan  weight-losses  are  indicated  in  Table  7-0.  In  making  these 
naltlpla-coaqparlson  tests,  the  significance  of  differences  between  indlrld- 
ual  means  ware  determined  at  the  95  per  cent  confidence  lerel.  If  two  or 
more  means  hare  the  same  line  drawn  underneath  them,  they  are  not  statis¬ 
tically  different.  If  two  or  more  means  do  not  hare  the  sane  Una  undax*- 
naath  them,  they  are  said  to  be  statistically  different.  Thus,  at  44 
hours  exposure,  no  significant  difference  is  shown  between  Udimet  500  and 
III-738,  but  their  weight-loss  is  significantly  less  than  for  m-lOO.  Also, 
the  wal^t-loss  for  Udimat  500  is  significantly  less  than  for  )la]>4f421, 
Udimat  700,  Inconel  7130,  a^  Dt-lOO. 
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9f 

Degrees  of 
fiB  Freidcn  . 

Mean 

Total 

11 

0.90630 

Metals  (M) 

2 

0.13092 

0.06546 

TIm  (H) 

3 

0.76839 

0.25633  * 

M  X  R 

6 

0.00699 

0.00117 

Error  (a) 

8 

0.03556 

Asterisk  (*)  Indloates  a  algnlflcant  effect  at  95  par  cent  confidence  level, 
(a)  Pool^  value  fron  Inconel  713C  and  U-500  data. 


Total  11 
Meta  a  (K)  1 
TIjbs  xH)  3 
M  X  H  3 
Error  (a)  8 


1.04601 

0.43843  0.43843  * 

0.40003  0.13334  * 

0.02215  0.00738 

0.03556 


Asterisk  (*}  indicates  a  significant  effect  at  95  par  cant  confidence  level, 
(a)  Pooled  value  from  Inconel  713C  and  U-500  data. 


Degrees  of 


Total  11 
Metals  (M)  4 
TIjm  (H)  1 
M  X  H  4 
Error  (a)  8 


0.90884 

0.47073  0.11768  * 

0.33654  0.33654  * 

0.01700  0.00425 

0.03556 


Asterisk  (*)  indicates  a  significant  effect  at  95  par  osnt  oonfldenoa  leval. 
(a)  Poolad  valua  frost  Inoonal  7130  and  U-500  data. 
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TAHU  7 

CCMPAaiSOMS  CP  SUHffiAlLCBrS  IN  Asm  PSOOSAM 


A.  m»738.  Kar  MA21.  and  O-’ZfP  at  22.  U.  66.  and  88  houra. 

No  statiatloally  signlfl^wit  dlffarenca  indicated  in  welj^i  lose  of 
the  as  three  anpexAlloja. 

3.  IN-100  and  Inconel  713C  at  U.  33.  and  U  houra. 

(TSM  -  0.23095) 

Mean  Weight  Gecoetrio  Mean  Wel^t  Loss, 

Sqi^rfJ,1oy  log  mg/ear  mg/cm^ 

IN-100  2.38031  239.99 

Inconel  713C  1.97L6L  94.36 

Difference  0.40547  * 


*Slgnlficant  at  95  per  cent  confidence  level. 

C.  IH-73e.  U-700.  Mar  MA21.  IN-100  and  Inconel  713C  at  22  and  AA  hours. 
(TSM  -  0.37715  except  T3M  -  0.326^2  for  Inconel  7130) 


SaperaUoir 

Mean  Wel^t  Loss, 

log  maJaa^ 

Geometric  Mean  Weight 

IN-738 

1.81017^ 

64.60 

Mar  M421 

1.97050 

► 

93.43 

tt-700 

2.03183 

107.60 

InoOTel  713c 

2.07101 J 

117.76 

IN-100 

2.46562> 

292.15 

0.  CoBipariaon  nxtals  at  44  hours. 

TSMi  -  0.53398 

TSM2  “  0.46191  (Compare  U-500  and  Inconel  713C  with  others) 
TSM3  -  0.37715  (Compare  U-5OO  with  Inconel  713C) 

Soperalloj  2£Z18  SrJSSL  MoMl  123&  Sb2SSl 

MBL  (a)  1.52930  1.98748  2.10089  2.21498  2.27578  2.57005 

.  Mssaaggaa,  usBauBi.'.' ■  1.  .  .j  ..  . — 

CaML  (b)  33.83  126.2  I64.I  *‘^88.7  371.5 

Notes: 

(a)  MkfL  *  Mean  Wel^t  Loss,  log  ag/aa^ 

(b)  CML  -Geometric  Moan  Wei^  Lose,  mg/car 
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On  the  basis  of  all  of  the  data»  d-lOO  would  be  rated  the  least 
resistant  to  hot  corrosion  attack;  Inconel  713C>  Udinet  700,  Mar>M421>  and 
Ili-736  equal  in  resistance  to  hot-oorroslon  attack,  and  anre  resistant  than 
IB-100;  and  Udlswt  500  and  IB-738  equal  in  resistance  to  hot  corrosion 
attack. 


4*3*3«  Rears salon  Equations 

Sstiaated  relationships  between  weight-loss  and  tlB»-of-exposure 
are  glTen  in  Table  8  for  the  various  cosiparisons  in  this  studj.  All  data 
points  in  this  experinent  were  used  to  estinate  these  relationships.  Cobh 
parlsons  were  aade  of  the  varlanoe  for  each  relationship,  using  the 
residual  asan-sqoare  to  estiaate  the  adequacy  of  the  nodel.  On  the  basis 
of  these  data,  the  estinated  relationships  adequately  describe  the  data. 
Graphical  sumrles  of  the  data  are  shown  in  Figures  1  and  2,  idiere  the 
lines  represent  the  calculated  relatlondilps. 

A  cooparison  of  the  relative  durability  of  superalloys  In  the 
ASIM  program  can  be  siade  by  using  these  regression  equations.  The  wei|^t- 
loss  for  the  least  resistant  superalloy  (IN-lOO)  was  127  mg/ car  at  the  first 
U-hour  inspection  point.  Such  a  loss  asiounts  to  about  12  per  cent  of  the 
original  specimen  wel^t,  and  this  is  estimated  to  be  near  that  suffered  by 
many  tuibine  blades  idien  finally  removed  from  service';  using  this  level 
of  attack,  comparisons  can  be  made  without  extrapolating  the  regressions, 
and  the  tlm»-of-exposure  for  the  other  materials  in  the  program  were  calcu¬ 
lated  to  be: 


SuoeralloT 

Source 

&xpoBure  Time 
for  127  ma/cm2 

IN-100 

ASm 

11  Hours 

Udimet  700 

ASTM 

35 

Inconel  7130 

ASTM 

37 

Maz^-N421 

ASIM 

42 

IH-738 

ASTM 

55 

Udimet  500 

ASTM 

81 

Inconel  7130 

Nisco 

48 

Inconel  7130  (Modified 
Oembustor) 

Mlsco 

28 

Mlsco  MDC-1  Coated  In¬ 
conel  7130 

Mlsco 

81 

These  data  can  provide  an  indication  of  exposure  times  that  will 
be  required  for  destruction  of  coating-alloy  systems  in  our  propossd 
investigation  to  determine  the  effect  uf  very-low-sulfur  fuels  on  hot 
corrosion.  Cooqiaring  the  data  for  bare  Inconel  7''3C  (after  eodsustor 
modification)  and  the  MOC-1  coated  Inconel  713C  s;.^olmens,  the  coating 
increasea  time-of-eaqx>sure  by  a  factor  of  three.  Assuming  that  this  ratio 
would  apply  to  the  more  resistant  superalloys,  comparable  to  Udlmet  500, 
an  exposure  time  of  over  200  hours  may  be  required  for  some  materials. 
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TARUE  ft 

IQIBITIOBS  FCR  MEICHT-LOSS  VS  TIME 

_ -  _sL 

Sieoatl  713C  Before  Cqnbnetor  Modification 
Log  I  =  0.94044446  +  0.03783375  T  -  0.00028621  t2  0.231835  0.60 

Inconel  713C  Aftif  Mod^floatlon 

Log  T  -  0.74124979  +  0.07199467  T  -  0.00083225  0.102269  0.92 


Mleco  MDC~1  Coated  Inconel  713C 


Log  T  -  0.65460615  +  0.02282596  T  -  0.00006114  t2 

IK»100.  Asm 

Log  T  -  1.76947536  +  0.03455002  T  -  0.00037387  t2 

Inconel  7130.  ASP! 

Log  T  =  1.7222542  +  0.0002783 

Udlmat  700.  A3TM 

Log  T  *=  1.25857825  +  0.03038993  T  -  0.0001818?  t2 

Mar-M421.  ASIM 

Log  T  =  1.4413978  +  0.01965855  T  -  0.00009056  t2 

IN-738.  ASni 

Log  I  =  1.16757935  +  0.02420308  T  -  0.00013181 

IkHtnet  SOQ.  AS^ 

Log  T  -  0.62962998  +  0.02395764  T  -  0.00007084 


0.145423  0.84 

0.0187488  0.99 

0.177044  0.61 

0.042714  0.99 

0.044956  0.99 

0.0151498  0.99 

0.1490505  0.92 


(a)  T  *  Wei^t  Loss,  mg/cm^  and  T  ^  £:iposure  Time,  hours. 


•  • 
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FIGURE  1 

RELATIONSHIP  BETWEEN  WEIGHT  LOSS  AND  EXPOSURE  TIME  FOR 
BARE  AND  COATED  INCONEL  7130 


ts 


( 


WCIOKT  LOSS, 


■MBAlieH  »  OCVCLOnMCNT  HKMirr  S4XS-«f 


BCFOSURBTIMK,  HOURS 


FIGURE  2 

RELATIONSHIF  BETWEEN  WEIGHT  UOBS  AND  EXPOSURE  TIME  FOR 
SUPERAUUDYS  IN  A8TM  PROGRAM 
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4.4  Penetration  BiU 

In  the  AflBDI  "round-robin”  teit  progren  of  the  Hot-Corroelon  Teek 
Foree  the  requeeted  teohnii|ae  for  erelueting  hot-eorrosien  attack  aaa  by 
Mtallofraphlo  neaauraaant.  of  "  aorf aea-loaa^  and  "naxiam-attaelc" .  Thia 
tedmique  and  texna  are  deaerlbed  In  Seetlon  30.3.  of  Appendix  3.  Pane- 
tratien  data  obtained  on  the  ASW  qieelMna  are  ahowi  in  Table  9.  Ghe 
block  of  Miaoo  MDC-1  coated  Inconel  733C  and  cne  block  of  bai«  Inconel  713C 
apec Inane  were  exaalned«  alao,  and  the  data  are  ahown  in  Table  10.  Theae 
data  idll  pemit  a  cooqpariaon  of  the  relative  nerita  of  the  wei^t-loaa  and 
aatallographio  teehniquea  for  evaluating  hot-corroaion  attack  tai  auperallcya. 

A  conatant  eoefflolent-of-varlatlon  waa  found  only  for  the  pene¬ 
tration  data  with  the  Miaoo  MDC-1  coated  Inconel  713C  apeelnena;  therefore, 
the  raw  data  have  been  uaed  in  the  following  analjaea. 

The  dlffei>anee  in  maxinua-attaek  and  aurfaee-losa  la  a  meaaure  of 
the  extent  of  aobaurfaoe  deterioration  of  the  auperalloy  by  hot-corroalon 
attack.  An  Analyale-of-Varlanoe  (AOT)  waa  nade  of  the  penetration  data  for 
each  of  the  auperallqya,  and  the  coating-alloy  qratea,  to  detemlne  any 
atatlatloally-algnlf leant  dlfferenee  between  aurfaee-loaa  and  narlma- 
attaek.  The  error  aa»>of-aquare8  for  the  aix  auperalloya  in  the  ASTM 
portion  of  the  progran  were  pooled,  and  the  error  tern  waa  uaed  in  the 
evaluation  of  the  AS1M  alloya.  Prom  the  analyeea,  the  dlfferenee  between 
aurfaee-loaa  and  maxlmniMttaok  for  Udimet  500  waa  the  only  difference 
indicated  to  be  atatlatloally  aLgnlfloant.  The  AOV  and  the  oomparlaon  for 
the  Odimat  500  data  are  ihown  In  Thble  11.  The  indicated  difference  in 
■axianm-attaek  and  aurfaee-loaa  for  the  Udimet  500  of  only  5  aila,  and  the 
lack  of  a  atatlatloally-algnlf  leant  dlfferenee  for  the  other  materlala 
evaluated,  auggeata  that  aubaurfaee  deteriorati«a  of  theae  materials,  at 
thla  teat  condition,  is  relatively  uniiqiortant. 

Means  of  penetration  (average  of  surface-loss  and  maximum-attaek) 
for  the  aix  auperalloya  in  the  ASIM  program  after  44  hours  of  exposure  are 
shown  In  the  following  multlple-conparlson  teat.  The  TSMs  for  comparison 
were  calculated  at  the  95  psr  cent  confidence  level. 

Udimet  500  IN-736  Udimet  700  Mar4f42l  Inconel  713C  IN-100 

_ i_  JL6 _ 2S _ 2L.  -afi_  -56- 

TSMi-  5 

TSM2  »  4  (Udimet  500  vs  Inconel  7130} 

TSM3  *  4  (Udimet  500  or  Inconel  7130  vs  Others) 

w 

If  two  or  more  iMsns  have  the  same  line  drawn  underneath  them, 
they  are  not  statistically  different.  If  two  or  laore  means  do  not  have  a 
ocwaacn  line  underneath  them,  they  are  said  to  be  atatlatloally  different. 
With  one  slight  reversal,  between  Udimet  700  and  Mar-N42l,  which  is  not 
statistically  aignlflcant,  theae  auperalloya  are  ranked  in  the  same  order 
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TAMX  Tl 

Ami^TSTS  »  Vfy^MCI  or  IMMaLTICH  D4T4 

(OdiB0b  500) 


Degrees  of 

Sum  of 

Mean 

Soorea  of  Variation 

Freedom 

Total 

63 

36843.00 

lypo  of  Attack  (T) 

1 

380.25 

380.25  * 

TIm  (H) 

3 

35315.62 

11771.88  * 

Sarorltj  of  Attack  (S) 

1 

150.06 

150.06  * 

T  z  H 

3 

9.12 

3.04 

T  X  S 

1 

10.56 

10.56 

H  X  8 

3 

10.56 

3.52 

T  X  H  X  S 

3 

11.81 

3.94 

Error 

48 

955.02 

19.90 

Pooled  Error  (a) 

160 

3982.47 

2if.89 

Asterlak  (*)  indicates  a  significant  effect 

at  95  per  cent  confidence  lerel 

(a)  Pooled  error  for  the  six  allogrs  in  the  A8TM  portion  of  the  program. 

Ccwwrlxm  of  Pwtratlon  Data 
(T«  -  2.0) 


Mnxlaiim  Attack,  oils  olnua  Surface  Loss,  nils 
37.0  -  32.0  -  5.0  nils 
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of  roalaUaeo  to  boi-corroaion  attaok  by  tho  ponotratlon  data  aa  Mia  ahoMi 
pravlona]/  by  tha  ifai|^xt-loaa  data. 

A  ooaiaurlaeii  of  val|^it-loaa  and  avaraga  pioatration  Mia  aada 
uaing  data  for  aadi  apaciaan  and  It  Mia  found  that  val^it-loaa  oorralataa 
liaaarly  with  panatration  data.  Tha  aatiaatad  linaar  ralatlonahip  daaerl- 
biag  thia  oarralation  lat 

P  -  0.2101957  +  0.16627034  W, 

idMra  P  •  Pnatratlon,  nlla,  and 

¥  •>  ¥al^tt-Losa«  ng/oa^. 

Tha  data  ara  Aonm  graphically  In  Flgora  3>  nnd  the  line  on  tha  figure 
rapraaanta  tha  calculated  ralatlonahip.  Thia  linear  ralatlonahip  indlcataa 
that  althar  aalght-loaa  or  penetration  could  be  used  to  araluata  hot- 
corroalon  attack  for  thaaa  auparalloya  at  thia  condition  of  expoaura. 

4. 5*  WatMl  lo*ratttT 

Tmo  different  typea  of  aeaaureaent,  loaa-ltHwaight  and  dapth-of- 
panatratlonj  were  uaad  to  evaluate  the  extent  of  natal  damage  during  thia 
praliadnary  teat  with  tha  Turbine  Slamlator.  The  reaulta  of  thaaa  aiaaaura- 
aenta  have  bean  diaeuaaad  in  the  preceding  aeetlona  of  thia  report.  Both 
SMthoda  require  soaie  aatallographic  examination  of  apecinana^  but  thqr 
differ  appreciably  in  tha  extent  of  thia  requirenent .  Both  methoda  auffer 
fr«B  inherent  weaknaaaea. 

Th«t  meight—loga  method  aaaumea  a  uniform  attack  over  the  aurface 
of  tha  apacimMi,  with  the  absence  of  subsurface  deterioration  by  deep 
sulfide  penetration  or  intergranular  oxidation.  Also,  it  req;uire8  complete 
rnMiTil  of  corrosion  products  from  the  apeoisen  without  further  damage  to 
its  surface.  Both  of  these  potential  faults  in  tha  wei^t-loaa  method  can 
be  aggravated  by  the  applioatlon  of  ooatlnga  to  tha  superalloy  specimens) 
and  such  materials  will  be  emiOoyed  exbansivaly  in  our  proposed  investiga¬ 
tion  to  datarmlna  tha  affect  of  very-low  concentrations  of  sulfur  in  fuel 
<m  hot  corrosion. 

The  penetratiiMi  msthod  avoids  tha  waaknaaaas  in  the  weight-loss 
method  by  using  aetallogra|tiie  crosa-saetlona;  howsvar,  it  aasumes  that  tha 
loeation  of  subsurface  deterioration)  for  takl^  the  oros»> section) 

can  be  identified  by  a  visual  inspection  of  the  specimen*  s  exterior.  AlsO) 
it  praaomss  that  preciae  measarewents  of  penetration  can  be  made  with  a 
reaeonable  expenditure  of  time  and  effort.  The  dmnanrt  for  aietallograiiby  by 
the  poDetraticn  method  can  be  quite  formidable  in  a  program  having  the 
produetivity  of  apeeimsnS)  768)  projected  for  our  propoaed  investigation  to 
detemine  the  effect  of  very-low  acncentrati<ms  of  sulfur  in  fuel  on  hot 
eorrosloB. 
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FIGUfIC  3 

RELATIONSHIP  BETWEEN  PENETRATR>N  AND  WEIGHT  UOSS 
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Choiea  of  w«<a*>t»Loaa  Mathod  -  Slnea  ■aaaor— ant  a  of  val^t-loaa 
ara  aijqilar,  faatar,  aoy  aoonaaleal,  and  laaa  aubJaotlTa  (aalaetlon  of 
loeatlona  for  eroa^aaotlonljag  apaolaana),  th^  ^ould  ba  uaad  to  araluata 
tha  aoctanb  of  natal  danaga  idianarar  faatlbla.  Kowarary  tha  ralidltj  of 
aalng  wali^it-loaa  data  for  araluatlon  of  hot^oorroaion  attack  ihould  ba 
aatabllihad  bgr  ahoalng  tha  abaanoa  of  aaj  tmaaual  aneont  of  aabaorfaoa 
datarleratlon.  Thla  ean  ba  dona  bj  natallographie  aiani  nation  of  a  faw 
rapraaantatiy  apaelnana  of  aaeh  aaparalloj,  or  eoating-auparallogr  gfatan, 
aalaetad  froa  error  tha  ranga  of  aoepoaora  conditions. 

Moda  of  Attack  >  Prarlous  stttdiaa  (1«2)  bare  shown  hot  corrosion 
to  adraaca  on  a  broad  front  without  daap-intarer7stallina  ponatratlon  hjr 
sulfldas  or  oxidas.  Tha  attack  is  lad  bj  ponatratlon  of  randcaly  dlsparsad, 
li^ht-gragT)  globolas  of  aatallle  sulfldas.  Thalr  fornation  is  assoeiatad 
with  changas  in  tha  surface  composition  of  tha  alloj)  which  is  eharacterlsad 
by  chreadun  depletion.  Bapid  oxidation  of  tha  waakenad  layer  of  alloy 
follows.  The  depth  of  subsurface  deterioration  ranges  from  less  than  one 
to  a  — of  about  fire  nils.  As  in  the  current  lnTestlgatlon»  a  linear 
ralatlonahlp  has  bean  found  between  measurenuxts  of  weight-loss  and  corro¬ 
sion  panatratlon.  In  the  past,  these  observations  have  served  to  Justify 
our  use  of  speclnsn  weight-loss  data  as  a  valid  measurement  of  metal  danaga. 

IlnjforwitT  of  Attack  -  As  noted  in  the  preceding  section  of  this 
report,  netallographlc  naasursaents  of  corrosion  penetration  wars  nada  on 
all  32  specimens  frcai  the  ASTM  "round-robin”  program.  The  general  appear¬ 
ance  of  netallographlc  ciHxss-saotlons  of  the  six  superalloys  are  shown  in 
Figure  4.  These  cross-sections  were  nada  at  tha  zona  of  naximun- visual 
attack  on  spacinens  that  had  been  exposed  for  44  hours,  idxlch  was  the  only 
ccHBon  tine  for  all  the  suparallpys.  While  this  figure  does  serve  to 
lUustrata  the  differences  found  between  these  superalloys  in  their 
resistance  to  hot-corrosion  attack  at  our  conditions  of  esqwsure,  its 
prinary  purpose  is  to  show  that  the  depth-of-penetration  was  rssaarkably 
unifoni  all-around  these  specinens  esqxosed  in  the  Turbine  Simulator. 

gmilMtAonff  -  The  general  siode  and  intensity  of  cor¬ 
rosion  attack,  sustained  by  specimens  exposed  in  the  Turbine  Simulator  at 
operating  conditions  used  during  this  inystigation,  was  appraised  while 
making  natallogrmabie  maasuresMnts  of  the  dapth-of-penetntlon.  This 
inqseetloa  Included  Mlsoo  MDC-1  coated  Inconel  713C,  in  addition  to  the  six 
superalloys  from  the  ASTM  "round-robin"  progzw.  From  these,  typical  speci¬ 
mens  of  Odimet  500,  Inconel  7130,  and  Misco  MDC-1  coated  Inconel  7130  ware 
selected  for  a  more  detailed  metallographlc  examination.  Photomicrographs 
yy  made  to  show  the  condition  of  the  corrosion  interface  on  they  spacl- 
mans.  Emphasis  ys  placed  on  lUustrating  the  extant  of  subsurface  dataiv 
lontlon  by  alloy  depletion,  or  interorystalUna  penetration  by  coryslon 
products. 


*^^9  ***  only  superalloy  in  the  ASTM  "rotmd-ybin" 
program  idxlch  evidancad  a  atatistlc^ly- significant  dlffarenca  between 
surface-loss  and  maximuBHattaok,  as  noted  in  tha  preceding  Mction  of  this 
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UDIMKT  700  SURFACE  LOSS  20  MILS  UDIMET  900  SURFACE  LOSS  2  MILS 


MBTALIJOORAFHIC  CROSS-SECTION  OF  SPECIMENS  FROM  2000  F  CYCLIC  TEST  IN 
PHILLIPS  TURSINE  SIMULATOR  WITH  1  .0  PPM  SEA  SALT  IN  AIR  AND  0.040  WT  S 
SULFUR  IN  FUKL  .  ELSCTRO-CLEANSO .  MARSLE'S  REASENT  ETCHD  .  9K  MAONIFICATION  . 

FIGURE  4 

HOT  CORROSION  OF  SUPERALLjOYS  AFTER  44  HOURS  EXPOSURE 
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report.  Thle  eobeorfeoe  deteriormtloa,  idileh  reached  a  depth  of 

aboot  fire  sUe,  oan  be  eeen  In  Figure  5.  It  ahould  be  reMsbered  that  the  # 

heaej  aorfaee  eoale  has  been  renored  from  the  test  spsolsen  bj  electro* 

eleaning.  While  the  speoiMo  after  ■exinan  eqx>sure  (143  hours)  is  riiowiy 

this  surfaee  attack  appeared  to  be  the  sane  as  that  on  the  other  Odlast  $00 

q^eeiiMas  eith  Sorter  exposure  tljsss  (44*  77*  end  110  hours).  Hicro- 

features  of  the  accelerated  surfaee  oxidation*  idiidh  are  characteristic  of 

hot  corroaion,  as  already  daaeribed,  are  Aown  In  Figure  6.  ^ 

Inconel  713C  is  less  resistant  to  hot  corrosion  than  OdlJMt  500, 
and  the  extant  of  subsurface  deterioration  on  the  Inconel  713C  speoimns 
was  only  about  one  adJL*  as  illustrated  in  Figure  7.  Howerer,  the  node  of 
attack  did  not  change,  as  ahOtm  in  Figure  8.  It  is  assimed  that  this 

results  from  nore-rapid  oxidation  of  the  depleted  surfaee  layer  with  lowers  ^ 

dircnliBiiHoontant  superalloys.  A  eljdlar  increase  in  the  intensity  of  attack 
was  obsenred  with  the  other  superalloys  in  the  ASm  ”ooimd-robin''  progran} 
l.e.,  IK-100,  Ddlwet  700,  Mai^21,  and  IS-738. 


Misco  WPC-l  coated  Inconel  713C  was  the  only  coating-superallcy 
lystan  evaluated  during  this  inrestlgatlm.  This  aluainun-rieh  coating  had 
a  total  depth  of  approxiawtely  2  alls,  tdilch  was  divided  about  equally 
betwen  an  outer-layer  with  non*aetallle  disperaions  and  a  diffusion-layer. 
The  coating  was  very  resistant  to  hot  corrosion,  but  coating  breakdown  was 
ebserred  after  55  hours  exposure  in  the  Turbine  Sisnlator  at  operating 
eoaditicns  used  during  this  imrestlgatlon.  At  this  tine  of  Incipient 
failure,  coating  breakdown  was  not  oo^iletely  unifom  over  the  speciaens. 
This  is  illustrated  by  the  erose-seotlon,  aade  at  the  location  of 
attack  on  a  apeclam,  shown  in  Figure  9.  The  outer-layer  was  destroyed  by 
oxidation  and  aJnsinua  depletion,  as  Indloated  In  Figure  10;  however,  it  is 
of  Interest  to  xwte  that  the  attack  on  the  diffusion-layer  was  led  by 
sulfide  panetratlon.  Oboe  the  coating  was  penetrated*  the  aode  and  inten¬ 
sity  of  attack  observed  was  slallar  to  that  on  the  bare  Inconel  713C. 


A  croes-seotion  aade  near  the  cooler  base  of  a  speclaMn*  where 
the  coating  had  survived  after  121  hoxirs  exposure,  is  shown  in  Figure  11. 
FMstrsticn  of  the  coating  is  slanar  to  that  after  55  hours  exposure, 

Acwn  in  Figures  9  and  10;  however*  it  is  of  interest  to  note  the  heavier 
oxidation  of  the  coating  reanant  after  121  hours  exposure. 

m  asneral.  the  extent  of  subsurface  attack  on  superalloys  and 
coatings  was  United  to  only  Aallow  penetration  by  corrosion  products, 
dsspite  catastrophic  rates  of  aetal  loss,  during  this  prellaln^  test  with 
the  Turbine  Slaulator.  This  serves  to  Justify  our  use  of  aetal-loss  data 
as  a  valid  aeasureaent  of  the  dasuge  which  these  aaterlals  suffer  under 
these  coadltlons  of  exposure. 

4.6,  Teat  8everity 


The  severity  of  hct-corrcslon  attack  on  the  coating-alloy  syston 
saqpeeod  during  this  investigation  was  approxlnataly  six  tines  greater  than 


-36- 


Eeeaarch  and  Developnant  Report  5423-69 


that  eaqierlaneed  during  the  Initial  trial  of  the  Turbine  Simulator;  l.e., 
the  weii^t-lose  for  Mlaeo  MDC-1  coated  Inconel  713C  specimens  after  55  hours 
of  saqposure  in  the  current  program  was  as  great  as  the  weight-loss  after 
350  hours  of  aoqposure  during  the  prerlous  program  (4).  This  increase  in 
test  sererlty  was  obtained  ly  changing  ta^;>erai>ure  conditions.  The  speci¬ 
mens  were  exposed  to  gas  at  higher  te^Mratures  to  accelerate  aluminum 
depletion  and  oxidation  of  the  coatings  and  to  rapld-taasperature  CTcllng  to 
promote  spalling  of  the  protectlTe  scale. 

Photcmacrographs  (2X  mapiifleatlon)  of  representative  specimens 
from  the  current  program  are  presented  in  Figure  12.  Bare  Inconel  713C 
specimens,  aoqposed  for  periods  of  up  to  44  hours,  show  a  relatively  unlfom 
attack  over  their  entire  surface  and  a  gradual  decrease  in  diameter  with 
e:q)08ure  time.  A  similar,  uniform,  attack  was  observed  on  specimens  of  the 
other  superalloys  in  the  ASIM  "round-robin"  program;  but,  the  superalloys 
differed  in  their  resistance  to  hot  corrosion,  as  previously  Illustrated  by 
Figure  4.  Also,  such  uniform  attack  over  the  entire  surface  was  observed 
on  bare  Inconel  713C  specimens  in  the  previous  program  (4),  idiere  the 
exposure  temperature  was  lower  and  was  not  rapidly  cycled. 

In  contrast,  the  attack  on  Mlsco  MOC-1  coated  Inconel  713C 
exhibited  appreciable  sonsltlvlty  to  specimen  teoperature  during  this 
preliminary  program,  as  illustrated  In  Figure  12.  The  aluminum-diffusion 
coating  failed  progresslr^ly  along  the  length  of  the  specimens,  starting 
after  55  hours  at  the  tips  idiere  the  tenperatiu'e  Is  highest  and  moving  to 
their  base  after  121  hours  exposui^.  Such  temperature  sensitivity  was  not 
found  during  the  previous  program  (4),  lAere  the  coating  failed  at  randam 
over  the  length  of  the  specimen. 

The  tenperature  sensitivity  of  Mlsco  MDC-1  coated  Inconel  713C  to 
hot-corrosion  attack  during  this  preliminary  test  with  the  Turbine  Simula¬ 
tor  raised  a  question  as  to  whether  the  maximum  tenperature  of  2000F  in  Its 
operating  cycle  le  excessively  severe  for  ooatlng-superalloy  SFStsms.  The 
answer  Is  pertinent  to  our  proposed  Investigation,  where  the  effect  of 
very-low  concentrations  of  sulfur  In  fuel  on  hot  corrosion  will  be  studied 
by  evaluating  the  durability  of  a  wide  variety  of  eoatlng-superallcy 
systems.  A  reduction  in  the  maxiiwin  tenperature,  to  1900F  or  less,  to 
obtain  a  milder  environment,  would  significantly  increase  the  expenditure 
of  time,  manpower,  and  materials  for  the  proposed  investigation.  After 
careful  consideration.  It  was  concluded  that  the  temperature  sensitivity  of 
this  particular  coati^-superalloy  eystem  did  not  indicate  an  abnormal  mode- 
of-failure,  that  It  did  not  warrant  a  reduction  in  the  severity  of  the 
operating  conditions  used  for  the  Turbine  Simulator,  and  that  this  simula¬ 
ted-environmental  test  now  represents  a  satisfactory  compromise  for 
conducting  our  proposed  investigation. 
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BAKELITE  MOUNT 


OXIDATION  OF  DEPLETED 
SURFACE  ALLOY 


BASE  ALLOY 


METALLOORAPHIC  CROSS-SECTION  OF  SPECIMEN  FROM  2000  F  CYCLIC  TEST  IN  PHILLIPS 
TURBINE  SIMULATOR  WITH  1  .0  PPM  SEA  SALT  IN  AIR  AND  0  .040  WT  »  SULFUR  IN  FUEL  . 
ELECTRO-CLEANED  .  2S  SULFURIC  ACID-ELECTROLYTIC  ETCHED  .  200X  MAGNIFICATION  . 


FIGURE  5 

HOT  CORROSION  OF  UDIMET  500  SPECIMEN  AFTER  143  HOURS 


METALLOGRAPHIC  CROSS-SECTION  OF  SPECIMEN  FROM  2000  F  CYCLIC  TEST  IN  PHILLIPS 
TURBINE  SIMULATOR  WITH  I  .0  PPM  SEA  SALT  IN  AIR  AND  0  .040  WT  %  SULFUR  IN  FUEL  , 
ELECTRO-CLEANED  .  7.%  SULFURIC  ACID-ELECTROLYTIC  ETCHED  . 


FIGURE  6 

ACCELERATED  SURFACE  OXIDATION  OF  UDIMET  500 
SPECIMEN  AFTER  143  HOURS 
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MCTALLOGRAPHIC  CROSS-SECTION  OF  SPECIMEN  FROM  2000  F  CYCLIC  TEST  IN  PHILLIPS 
TURBINE  SIMULATOR  WITH  1  ,0  PPM  SEA  SALT  IN  AIR  AND  0.040  WT  S  SULFUR  IN  FUEL. 
ELECTRO-CLEANED  .  MARBLE'S  REAGENT  ETCHED  .  200X  MAONIFICATION  . 


FIGURE  7 

HOT  CORROSION  OF  INCONEL  713C  SPECIMEN  AFTER  44  HOURS 
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METALLOGRAPHIC  cross-section  of  specimen  from  2000  F  CYCLIC  TEST  IN  PHILLIPS 
TURBINE  SIMULATOR  WITH  I  .0  PPM  SEA  SALT  IN  AIR  AND  0.040  WT  %  SULFUR  IN  FUEL. 
ELECTRO-CLEANED.  MARBLE'S  REAGENT  ETCHED  .  2000X  MAGNIFICATION  . 
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FIGURE  8 

ACCELERATED  SURFACE  OXIDATION  OF 
INCONEL  7I3C  SPECIMEN  AFTER  44  HOURS 
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BAKELITE  MOUNT 


OXIDATION  OF  COATING 
REMNANT  AND  DEPLETED 
SURFACE  ALLOY 


BASE  ALLOY 


METALLOGRAPHIC  cross-section  of  specimen  from  2000  F  CYCLIC  TEST  IN  PHILLIPS 
TURBINE  SIMULATOR  WITH  I  .0  PPM  SEA  SALT  IN  AIR  AND  O.OAO  WT  *  SULFUR  IN  FUEL  . 
ELECTRO-CLEANED  .  ‘2.%  SULFURIC  ACID-ELECTROLYTIC  ETCHED  .  200X  MAGNIFICATION  . 


FIGURE  9 

HOT  CORROSION  OF  MISCO  MDC-I  COATED 
INCONEL  7I3C  SPECIMEN  AFTER  55  HOURS 
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BAKELITE  MOUNT 


SURFACE  OXIDATION 


SURFACE  ALLOY  DEPLETION 
WITH  SULFIDE  PENETRATION 


i? ..  ..i 


COATING  REMNANT  WITH 
OXIDE  PENETRATION  OF 
OUTER  LAYER 


BASE  ALLOY 


METALLOORAPHIC  cross-section  of  specimen  from  2000  F  CYCLIC  TEST  IN  PHILLIPS 
TURBINE  SIMULATOR  WITH  1  .0  PPM  SEA  SALT  IN  AIR  AND  0.040  WT  %  SULFUR  IN  FUEL. 
ELECTRO-CLEANED .  2«  SULFURIC  ACID-ELECTROLYTIC  ETCHED . 


FIGURE  10 

PENETRATION  OF  MISCO  MDC-1  COATING  ON  INCONEL  713C 
SPECIMEN  AFTER  55  HOURS 
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HEAVIu  OXIDIZED 
COATING  REMNANT 


OXIDATION  OF  depleted 
SURFACE  Alloy 
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BASE  ALLOY 


4  0 OX  MAGNIFICATION 
2000X  MAGNIFICATION 


METALLOGRAPHIC  CROSS-SECTION  OF  SPECIMEN  FROM  2000  F  CYCLIC  TEST  IN  PHILLIPS 
TURBINE  SIMULjATOR  WITH  1  .0  PPM  SEA  SALT  IN  AIR  AND  0.040  WT  ^  SULFUR  IN  FUEL. 
ELECTRO-CLEANED  Z%  SULFURIC  ACID-ELECTROLYTIC  ETCHED 

FIGURE  !1 

PENETRATION  OF  MISCO  MDC-I  COATING  ON  INCONEL  713C 
SPECIMEN  AFTER  121  HOURS 
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EXPOSURC  TIME,  HOURS 

BARS  INCONSl.  713C 


0  SS  77  »»  121 


EXPOSURE  TIME.  HOURS 


MISCO  MOC-I  COATED  INCONEU  71SC 


PHOTOMACROORAPHS  AT  2X  MAONIFICATION  OF  ELICTRO-CI.EANED  SURFACES  FROM  2000F 
CYeLIC  TEST  WITH  I  PPM  SEA  SAUT  IN  AIR  AND  0.04  WT  %  SULFUR  IN  FUEL 


FIGURE  12 

REPRESENTATIVE  SPECIMENS  FROM  PHIL.LIPS  TURBINE  SIMULATOR 
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5.  FPTOgmOBI 

flM  «£f«ct  of  nlfor  in  fnol  on  hoit  oorroolen  wat  found  to  rurj 
moBu  tho  MpomilOTO  uood  in  profrloaa  prograna  (1);  l.a.,  a  reduction  in 
fM.  oolfvar  had  no  affaet  on  hot  eorroaion  vith  aona  auperallogra,  and 
incraaaad  bet  eorroaion  wltii  two  auparallogra  under  aoaw  eonditlona. 
ftretrana  with  three  eoating-alloj  agratena  (2)  at  200QF  conditions  ahowad 
that  a  redootion  in  fhal  aulfhr  from  tha  specification  naxlimnn  of  0.40  to 
0.040  weight  per  cant  increased,  decreaeed  or  had  no  effect  on  hot  eorr»> 
sloni  however,  a  reduction  in  sulfur  to  a  veiy  low  laval  (0.0040  weight  per 
eant)  vas  found  to  decrease  hot  corrosion. 

In  previous  programs  (1)  it  was  found  that  the  effect  of  sulfur 
in  fuel  on  hot  corroslM  varied  with  tssqperature.  Statiatioallj'  signifi¬ 
cant  decreaaea  in  hot  corrosion  were  found  with  reduotlcms  in  fuel  sulfur 
at  temperatures  of  1600F  and  below  with  superallo^s  that  were  unaffected  bgr 
changes  in  sulfur  content  at  hi^er  teaqperatures.  Bvaluatlons  with  coated 
nqperallogrB  have  been  confined  to  2D00f  exposure  tssqperatures. 

To  complete  the  investigation  of  the  effect  of  sulfur  in  fuel 
on  hot  corrosion  of  bare  and  coated  auperallogrs  in  a  marine  environment, 
additional  auperallojs  and  coatings  should  be  evaluated  over  a  range  of 
temperatures  and  osqhasls  should  be  given  to  vezy  low  concentrations  of 
sulfur  in  fuel.  Plans  for  a  test  program  to  ccaiplate  this  investigation 
are  presented  in  the  following  paragr^ihs. 

5.1.  Co*ti||>g-An.Qy  arsteme 

In  oonsultatlon  with  U.  S.  Navy  personnel,  engine  builders  and 
alloy  sqpiQjLers,  a  group  of  ei|h^  nickel-base  and  four  cobalt-base  super- 
alloys  have  been  selected  for  inclusion  in  our  program  to  evaluate  the 
effect  of  sulfur  in  fuel  on  hot  corrosion.  As  ^own  in  Table  12,  these 
alloys  cover  a  broad  range  in  composition.  Test  speciasns  of  these  twelve 
siqperallays  have  been  prepared  as  investment  eastings.  Spseimens  of  sadi 
of  the  twelve  stqwrall^s  are  now  being  coated  with  Misco  MD&-9  coating  and 
spsBlmsBS  of  the  el|^  nickel  based  mqperallcys  are  being  coated  with 
lUsoe  MDC-l  coating.  The  test  program  will  include  the  evaluation  of  each 
of  the  bare  and  coated  siqwrall^s  at  each  level  of  sulfur  in  fuel. 

5.2. 

Previous  Investigations  have  Indlcatsd  that  a  reduction  in 
ocnoentratira  of  sulfur  in  fuel  from  the  specification  of  0.40  to 

0.04  wei^t  per  cent  would  not  reduce  hot  corrosion  significantly.  In  the 
investigation  to  be  conducted,  we  have  seleetsd  three  levels  of  sulfur 
(0.040,  0.0040,  and  0.00040  or  less  weight  per  osnt)  lAieh  represent 
approximately  the  median  of  current  production,  appieximately  the 
of  current  production  and  an  essentially  sulfur  free  fuel  that  could  be 
iMt  with  medsm  refining  technology. 


Chwioal  Coi^sltion,  wt 
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5.3.  8*>  a«it 


FravlM*  ISTMtlcitblau  hsr*  tbotm  that  sah  aalt  la  air  ia  a 
prlaaiy  aaaaa  of  hot*  oorroaleB}  thoraforo,  tho  taat  profraa  will  bo 
laitlatod  aalBg  1.0  pfB  aoa  aalt  In  boabaatwr  air  to  alnlata  a  mrlDa 
aatrlronMot.  If  tlaa  aaA  fwda  pomLt,  aaao  oaaltiatlmi  la  tha  abaaaea  of 
aaa  aalt  alll  ba  iaeladad  la  tha  profraa. 


5.4* 


For  thla  lavaatlcatlaa.  tha  FhlUlpa  2>laeh  eoabaator  will  ba 
oparatad  at  15  ataoqpharaa  eoaftaator  praoaara  with  air  flowa  of  6660  pooada 
par  hoar  for  eoabaator  air  and  32t  pooada  par  hour  for  taat  apoelaaa 
ratalaar  perga  air.  lhaaa  Taloaa  r^praaant  tha  oapablUtlaa  of  tha 

taat  facility  and  ara  aalaetad  to  glTO  aaxiaaa  taat  aararlty. 

It  la  propoaad  to  oparata  tha  FhlUlpa  Torblaa  Slaolator  ualag  a 
taaparatora  qrela  of  30  aiaabaaj  with  a  taaparatura  la  tha  ojela  of 

2000F. 


5.5.  Tbit  lOaa 


Tha  a^qporlaaatal  doal^pa  will  prorlda  Infenaatlon  for  eo^pariaona 
of  tha  hot  eorroalon  attack  on  tha  aaparalloya  and  tha  eoatlng-alloy  qrataaa 
la  addition  to  tha  priaazy  araloatlon  of  tha  tffaet  of  aolfor  la  faal  on 
hot  eorroalon.  Tha  daalga  haa  boon  aoleotad  to  prorlda  tha  atnmgaat 
ooaparlaona  of  tha  affaot  of  aolfor  in  foal  on  hot  eorroalon. 

Tha  16  poaltlona  in  aaoh  of  tha  throe  rowa  of  tha  apaoiaoa 
ratalaar  will  ba  diridad  Into  f oor  groi^  of  foor  poaltlona  aach  with  tho 
poaltlona  aalaetad  at  raadon.  Otooa  tha  groiqpa  hare  baan  aalaetad,  they  will 
ba  naiatalaad  throo^koot  tha  prograa,  111  eraloatloaa  with  a  giren  aspoiv 
alloy  or  eoatlng-alloy  ayaten  will  ba  aada  in  tha  aaae  foor  poaltlona  of  tha 
apaeiaon  ratalaar.  It  the  atart  of  a  teat,  the  foor  poaltlona  in  a  gcoap 
will  ba  flUad  with  apaolaona  of  a  ooatlag-alloy  ayataai  aad  apaoiaena  will 
ba  ranored,  with  raplaeanent,  on  tha  baala  of  Tiaoal  laapaetlon  to  prorlda 
di^lieata  fooz^polnt  eorraa  of  wai^t-loaa  with  tlaa  of  aaqpoaura  with  tha 
lerOl  of  aettaek  balag  olgplfieaat  at  aaoh  point.  The  tiae  for  raaoral  of 
the  flrat  apaeiaon  of  a  gnup  will  ba  detaminad  by  rlaoal  laapaetlon  of 
tha  fear  qpaelaana  la  tha  graop  to  ba  aora  tha  rapraaantatlra  larol  of 
attack  la  at  a  aignifleaat  laral.  Tha  tlaa  parloda  for  rnaeral  of  apaolaaaa 
aaad  not  ba  onlfom)  howarar,  tha  tiaae  ohoold  ba  ad  joatad  ao  that  tha  aoaw 
of  tha  tljaea  of  eo^aora  of  tha  Initial  and  raplaoenont  apaolaaaa  la  aaeh  of 
tha  foor  poaltlona  in  tha  grcwp  ara  aqoal.  Tha  hoora  of  axpoaora  aalaetad 
for  aaeh  ayaten  with  tho  flrat  laral  of  aolfor  taatad  will  aat  tha  hoora  of 
oapoaora  for  tha  othor  two  larela  of  aolfor  ao  that  ooaparlaona  of  tha 
affaet  of  foal  aolfor  on  hot  oerrooion  for  aa^  ayaten  oan  ba  aada  at  fixed 
tinaa.  It  la  aatielpatad  that  tha  raalatonoa  to  hot  eorroalon  attack  and, 
Mmnfora,  tha  tine  of  eo^aora  raqoirad  to  obtain  a  algaifleaat  leral  of 
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attack  on  the  aaporallayra  and  ooattng-allflgr  ijatau  will  rarj  widely.  On 
the  baaia  of  any  arailabla  information,  the  20  eoating-allogr  aystama  and 
the  12  enperalloye  will  be  arranged  in  order  of  eatlauited  decreaaing 
reaiatanee  to  hot  eorroaion  attack.  The  12  Bateriala  ectiaatrd  to  be  the 
■oet  reeietanb  to  corroeion  will  be  uaed  at  the  etart  of  the  teat  and  aa 
eralnationa  are  ocaqpleted,  the  next  moat  reaiatant  naterial  will  be 
aelected.  The  eatiiaatea  of  the  relatire  reaiabanoe  to  hot  eorroaion  attack 
are  not  eritioal  bat  they  will  aid  in  completing  the  evaluatlona  in  the  12 
groopa  of  poaitioma  at  aa  nearly  the  aaae  tine  aa  poaalble. 
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••1.  Taafc 

Phillips  rsBssreh  fsslUty  for  tsstiag  jot  fusl,  ploturod  ia  part 
ia  Fifora  13  has  baan  dasorlbad  la  datall  bj  ProHa  (5). 

Air  la  siqipliad  bgr  rotary  Foliar  eoaprassors  aad  fUtarad  by  a 
Salas  Vapa-Sorbar,  both  of  ohleh  eaa  ba  saaa  la  tha  foragrouad.  This  air 
ia  prahaatad  Jtist  bafora  It  aotars  tha  bumar  by  a  Thaxml  Raaaaroh  haat- 
aa^angar.  Both  foal  aad  saa  watar  ara  son^ad  fay  aitrogaa  praamrlsabioa 
of  tholr  raspaotlTO  taaks.  A  portloa  of  tha  aatarlag  aad  autaaatio  eentrol 
aqaipaont  eaa  ba  saaa  la  Flgura  14. 

Tha  bomars  oparata  with  air-flow  rataa  up  to  2.0  Ib/aac  at  lalat- 
alr  praaaora  to  240  pal  aad  Inlat-alr  taaqparaturaa  up  to  1400F. 

B.2.  Phtllln*  2-Inch  Ceahuobor 

A  seals  diagram  of  tha  2-ineh  eoabuotor  usad  la  this  study  is 
Aowa  in  Flgura  1$.  Daslgn  dataila  of  tha  combustor  ara  prasantad  la 
Thbls  13.  Basieally,  it  ambodlas  tha  prlaeipal  fasituraa  of  combustors  usad 
la  aodam  alreraft-turblaa  anginas.  It  was  a  strali^xt-through  caa-typa, 
ccmbustor  with  fual  atomisation  fay  a  slngla,  slmplax-typa,  nossla.  Tha 
combustor  Unar  was  fabrieatad  from  2-lnch,  Scbadula  40,  Inoonal  pips,  with 
addad  Intaraal  daflaetor  skirts  for  film  cooling  of  surfacas  azposad  to  tha 
flams. 


Combustor  configuration  nunbar  15  was  usad  during  tha  first  10 
uariods  (110  hours)  of  tha  inrastlgatlon  and  combustor  conflguratlcu  number 
20  fss  usad  during  tha  ramaindar  of  the  imraatigation.  This  change  was 
made  to  laprora  tha  durability  of  tha  flame  tuba  and  distribution  of  tha 

flame. 


8.3. 

The  Phillips  Turbina  Simulator  is  shown  in  Figure  16.  A  scale 
diagram  of  tha  rig  is  shown  in  Flgura  17.  Its  daslpa  pamits  aaiy  aooess 
to  tha  fuel  nossla,  combustor  liner,  test  spacimans,  ate.  Tha  eoidmstor 
installation  was  disassambled,  Inspactad,  and  raeonditionad  after  arary 
dratdowB. 


Four  diromal-alumal  thanocouplas  ware  mounted  at  90  degree 
latarsala,  with  tha  tips  3/&'lneh  upstream  from  tha  canters  of  tha  first 
row  of  spoeimans,  for  maasur meant  of  gas  taq>aratura.  Tha  tbarmooouplas 
ware  housed  in  1/4-lnch  dlamatar  Inconel  ahaaths  for  protection. 

A  lo^-box,  Flgura  16,  parmlttad  obsarratlon  of  tha  test  spaei- 
mans  during  operation  to  obtain  ta^iaratura  maasuroBNots  with  an  optical 
pyromatar. 


COMBUCTOR  HOUSING 
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Spror  AaglOf  dOfTMo 

50 

50 

Copoei^f  at  <>f  No,  2  FmI 

10.5 

10.5 

m 

Oil  •  100  pii 

Coiri»«tor  Dqbm 

Air  laloft  l^fw 

Tangaetial  anirl 

TangMblal  Swirl 

ahioU  Holo  QUMt«r>  in. 

0.625 

0.500 

Totnl  Rolo  Aroftt  1b, 

0.307 

0.196 

• 

%  Total  CoBbaator  Kola  Araa 

8.7 

5.1 

SplaA  CooUi^  Air 

01  Motor,  in. 

0.125 

0.125 

i 

16 

16 

1 

Riaobar  of  dbatlono 

7 

7 

• 

Total  MoBbar  of  Helaa 

112 

112 

Total  Kola  Araa,  aq.  In. 

1.374 

1.374 

%  TBtal  CaoAwiotor  ^a  Araa 

38.7 

35.7 

Prlnaxy  Coabaatlon  Air 

Hdla  WMat.ar,  in. 

0.250 

0.312 

^  • 

Total  M>ar  of  Holaa 

4 

8 

Total  Kola  Araa,  a^.  in. 

0.196 

0.612 

%  Total  Caa^ator  Kola  Araa 

5.5 

15.9 

SaeoBdaxv  Canbaatlon  Air 

Kola  Dianatar,  in. 

0.375 

0.375 

• 

Total  Hwibar  of  Holaa 

1, 

1,. 

Total  Kola  Area,  aq.  In. 

0,kUt 

0.44a 

%  Total  CoBibaator  Hole  Area 

12.5 

11.5 

Qnaneli  Air 

H^e  OiMater,  in» 

C.t2> 

0.02? 

• 

Total  Kartar  of  Holaa 

4 

4 

Total  Hole  Area,  aq.  in. 

l,2Zf 

1.227 

%  Total  Ceadbiuabor  Hole  Area 

34.6 

31.8 

Total  Cooimator  Hole  Area,  aq. 

in.  3.546 

3.851 

%  Croaa  Section  Area 

133.4 

144.8 

• 

5^ 


eooi.iNa-HMTBi  our 


towMtih  and  OavalopMSt  Rapert  5k33~^9 


8aa  vmtar  waa  lajaetad  In  tha  qaaneh  aaaa  of  tha  eoataator,  aa 
iadleatad  in  flfara  17«  raihar  than  iqMtraan  of  tha  eoi^ator  or  in  tha 
jprlnaxy^ooalNMtiott  sona.  Injaobion  in  tha  tpMMt  sona  avoidad  a  aarara 
earroidan  problaa  with  tha  ecabnator  linar,  and  alao  inaurad  axpoaura  of 
taat  ^poeinana  to  tha  daairad  aaa-aalt  eaneanbrationa.  Tha  aaa  wabar  waa 
diTldad  into  two  Mtarad  portiona  and  introdaoad  throng  oppoaing  Jata  to 
obtain  onlfona  diatrlbution  of  aaa  aalt  in  air  hj  iapingaanb  of  tha  jat 
atraoM. 


Tha  taat  aaotlon  waa  watar  jaokatad  to  obtain  tha  daairad  done 
bilitp  of  oparation  with  hi^-taaparatora  gaaaa. 

Tha  invaatamit  oaat  taat  apaeiaMna  ara  roond  pina  of  tha  fom 
dioim  in  Pigura  Id.  Tha  daaign  of  tha  ratainar  for  nonnting  48  apaeinana 
in  tha  hot  gaa  atraan  froa  tha  Phillipa  2-ineh  eoitboator  la  ihoim  In 
Pigora  19.  Tha  ganaral  loeatlon  of  tha  taat  apaoinana  in  tha  OBhaoat  gaa 
fran  tha  2-*indi  ooidboator  la  ahown  in  Plgora  17.  4  daflaotor  la  eantarad 
in  tha  gaa  atraan  bgr  foor  aqoally  apaead«  thin  plataa  doanatraan  of  tha 
apaoinana  to  prorlda  an  ann^oa  for  hot  gaa  flow  on  tha  apaeinana.  i  vlaw 
of  tha  apaeinan  ratainar,  with  apaeinana,  nonntad  in  tha  taat  rig  la  ahown 
in  Pigora  20. 

A  wonegaar  drlwa  la  prcrldad  to  alowly  rotata  tha  q>aeinana 
aroond  tha  annulua  axkd  pronrida  axpoaora  of  aaeh  taat  apaeinan  to  an  araraga 
gaa  ta^Mratura.  Tha  apaeinana  ara  nounbad  in  tha  ratainar  in  thraa  rowa 
of  16  apaeinana  aadi,  with  each  row  rotated  7  1/2  degraaa  fron  tha  prior 
row  and  thua  no  apaeinan  la  in  tha  ahadow  of  another  apaeinan. 

Purge  air  la  Introduoad  into  tha  oaTlty  ecaitaining  tha  worm  gear 
drive  (Plgora  17)  at  a  praaaura  all^tly  higher  than  coBd>uation  praaaura  to 
pravant  aoqpoaora  of  tha  gear  drive  and  baarlnga  to  tha  corrosive  atnoaphara 
fron  tha  eonboator. 


FIGURE  19 

TEST  SPECIMEN  RETAINER 
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PULL  SIZE 


FIGURE  20 

ROTATING-SPECIMEN  SECTION  OF  PHILLIPS  HOT-CORROSION  TEST  RIG 
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9.  AHPPn  2 
(Katarlala) 


9.1.  Tdat  Fnal 

Tte  baaa  foal  aalaetad  far  naa  in  tMa  Ittvaatlfatlan  waa  a 
aagrafatad  aaapla  of  prodaatioo  ASn  l^pa  ii  aviatloBF^wblsa  faal.  Tha 
fii^aleal  and  eharioal  fropartlaa  of’  lataraat  to  tba  laraatlfatlflo  ara 
praatBbad  in  Tafala  14.  Dia  ararada  aalvaa  of  partlBMt  paropoitiaa  froa 
tha  BBraaa  of  Mtaaa  Prodaat  Sarraif  (6)  ovar  a  parlod  of  tha  paat  t«  jaara 
ara  alao  ibONB  for  grada  JP-5  aaiatlon-turbiaa  fo^.  lha  fiijaloal  and 
nhanlnal  prepartiaa  of  Uia  baaa  fual  oloaaly  approxjtaata  tha  ararafa  for 
JP-5»  vlth  tha  axoaptioB  of  ita  raiy  low  aolftir  ooatant.  Tha  haaa  fual 
alao  Mta  aaalyaad  for  natal  oontant  to  ba  eartaia  that  ita  iren«  Tanadliai, 
aiekal,  and  ooppar  eontanta  wara  nagUflbla}  if  praaant,  thap  would  eoneon- 
trata  aa  adi  and  nl^t  altar  tha  aeala  eoapoaltion  on  tha  taat  apaeiaana 
aipoaad  to  tha  axhauat  gaaaa. 

The  baaa  fual  oontalna  laaa  than  0.0040  par  eoot  bj  wai|^t  of 
aulfor.  Tha  taat  fuel  of  higher  aulfur  oontant  waa  prodnood  bgr  blending 
to  0.040  par  eant  wei^t  of  aulfur  uaing  ditertiarj  butpl  diaulfida* 

9.2.  In  H\.fr 

k  iifnthetlo  aaa  water  waa  uaed  in  thia  atudy.  Ita  fomnlation 
waa  taken  froai  ASTM  Method  0  665  (7).  The  ecmpanmitB  and  their  eonoen- 
tratlona  ara  thown  in  Table  15.  The  abundance  of  Tarioua  elnaanta  in  the 
arnthatie  fomnla  eaqwrea  reiy  faworablgr  with  the  average  eea  water 
eonpoaitioa  (1). 

9.3. 

Two  groupa  of  auperalloxa  were  uaed  in  thia  invoatigaticn.  The 
Ineonal  7130  baaa  alloj  uaed  in  the  prinaxy  portion  of  tha  inveatigation  ia 
a  niekal-baaa  alloy  uaed  in  previona  atudiea.  Inveataant-oaat  r^aoiaana  of 
thia  auparalloy  ware  obtained  fron  Miaoo  Oiviaioo,  Hownat  Corporation.  The 
dMadeal  analyaia  for  the  heata  of  Inoonel  7130,  fumiahad  by  tha  auppliar, 
ia  ahowB  in  Table  16. 

Tha  dinanaiona  of  the  teat  apeoinana  are  ahown  in  Figure  IS.  The 
Invaataant  oaatinga  were  finiAed  by  the  aupplier  by  grinding  the  baae  and 
inapeoted  to  provide  apeoinana  having  a  oBooth,  unifom,  finiah  and  unifom 
dlnanaiena  with  a  tolaranea  of  M«005  inohea.  Tha  apeoinana  wore  inapaoted 
by  nnoraaeoBt  panatrant  (i^glo;  and  l^ray  to  inaura  fraedon  fron  oraeka, 
poroaity  and  inolualana. 

Spaoinana  of  Ineonal  713Cf  fron  Heat  BW437»  wore  coated  with 
MDC-1  ooati^  by  the  Raaetive  Metal  Produota  Oiviaion,  Hwat  Corporation. 
Tha  ooating  ia  <dun«atariaad  by  tha  following  deaeription. 
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SUtiUk 


ii  iifi  f  m 

SlstUlstiM  Tsiip0f«iw%  P 

Tent  Fuel 

Average 

Iidiiil  BsUint 

346 

5  Tolass  por  eoet  ovaimratod 

365 

- 

10  PoloBS  pir  eoBt  s«o|>oratod 

369 

- 

2D  f^Lrasi  pn>  oont  ifviqporatod 

379 

382 

30  Volune  p«r  eoBt  svaporatod 

385 

- 

40  Volune  par  oont  ssaporatod 

395 

- 

^  VoluBO  por  oont  ovaporatod 

405 

413 

60  VoluBW  por  eont  ovaporatod 

U17 

- 

70  VoliSko  por  eont  ovaporatod 

432 

- 

80  VoluiM  per  o«ib  ovaporatod 

447 

- 

90  Voluao  per  oont  evaporated 

466 

455 

95  VoluM  per  oont  evaporated 

k7! 

•  - 

SM  Point 

501 

‘  - 

(kavitj,  degrees  API 

46.1 

U.9 

Oaa>  nilllgraas  por  100  bQ.8. 

0.7 

1.1 

Ssnko  Polntj  milllmotors 

26.2 

22.6 

Hydrogen  Content,  eei^t  per  oont 

14.1 

13.6 

Costpoeltion,  parts  por  nlUlon 

Sulfur 

27  (c) 

1030 

Metals 

Iron 

<  0.2 

- 

Vanadiioi 

<  0.2 

- 

Niokol 

<0.2 

- 

Copper  (d) 

<0.01 

- 

^Tdrooarbon  Tjrpes,  volune  por  cent 

Romial  Pai^flns 

27 

- 

Isoparaffins 

23 

- 

Pyoloparafflns 

36 

- 

Olefins 

0.20 

1.6 

Aronatics 

12.2 

15.1 

Mm. 

(a)  Valtt««  for  Mgrogatod  saagila  of  FhlUlpa  Xanaas  Cltj  produotlon 
Asm  iypo>A  ariatlon  ttu4dM  fual,  finlAad  Iqrdrotraatlng. 

'^b)  U.  S.  Buraau  of  Minos  Potroloum  Produet  Sanrsgr,  1957  -  1966  (6). 

(o)  Hii^or  solfor  eonboBt  toot  fuolo  obtainod  by  blondlng  to  doslrod 
sulfur  ISTols  using  dltsrtiary  butpl  disolfldo. 

(d)  Spoetro^phcFtcsistrlo  analysis. 
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COHPO6IT10II  cy 


Salt  (b) 

PftWnl* 

GrMia  rmr  (e^ 

SodiuB  Chlorida 

HaCl 

24.54 

Mafnaalua  Chlorida 

MgCl2*6H20 

11.10 

SodluB  Sulft>*.a 

NaoSOj, 

4.09 

Calcium  Chlorida 

CaClo 

1.16 

Potaaaium  Chlorida 

KCl 

e.69 

Sodium  BLoarbonata 

NaHC03 

0.20 

Potaaaium  Bromida 

KBr 

0.10 

Borio  Acid 

H3BO3 

0.03 

Strontium  Chloride 

3^12*  6H2O 

0.04 

Sodium  Fluoride 

NaF 

o,fi93 

TOTAL  41.953 

(a)  ASM  D665  (7). 

(b)  Uaa  op  cheuleala. 

(e)  Uaa  dlatlllad  mtar. 
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mm.  3,^ 

CCMPOSinCH  »  rf  713C  ttST  SgClMElP 
- Chgatcal  Analyala.  Per  Cent 


Snecifioation 

Cast  Bars 
from  A3TM 

Min. 

Mai 

nm  m37 

Heat  SUJ^l 

Nickel  +  Cobalt 

Renalnder 

Renalnder 

Hsnainder 

Remainder 

Cobalt 

^  M  «• 

1.0 

0.1 

0.1 

-  -  _ 

ChroBd.uB 

12.0 

14.0 

13.50 

13.35 

13.0 

Molybdemm 

3.8 

5.2 

4.31 

4.53 

4.0 

Alxalnum 

5.5 

6.5 

5.78 

6.35 

6.3 

Titanim 

0.50 

1.0 

0.85 

0.90 

0.9 

Manganese 

0.08 

0.20 

0.1 

0.1 

-  _  - 

Iron 

- - 

2.5 

0.10 

0.14 

-  -  - 

Zirconium 

0.05 

0.15 

0.115 

0.080 

<0.01 

Silicon 

— 

0.50 

0.1 

0.1 

-  — 

Boron 

0.005 

0.015 

0.008 

0.008 

0.014 

Sulfur 

— 

0.015 

0.003 

0.003 

— 

Carbon 

0.08 

0.20 

0.11 

0.11 

0.15 

Copper 

— 

0.50 

0.1 

0.1 

-  -  - 

Columblum  ^ 
Tantalum 

1.8 

2.8 

2.38 

2.16 

— 

Columblum 

— 

— 

— 

-  -  . 

2.1 

Tantalum 

— 

— 

— 

— 

<0.1 

Tungsten 

— 

-  -  - 

.  .  _ 

«  • 

<  0.1 
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MDC-1  la  an  eladiiae  ooatingt  idileh  wee  eppliad  bj  a  paefe- 
dlffnaloa  proeeaa  to  obtain  a  total  thlekneaa  of  approodJMtely  2  alia. 

Ihla  coating  la  dlTldad  about  aquallgr  between  an  enter  lajar  whleh  contains 
non  ■stiinio  dlsperalens  and  a  dlffuaed  sone. 

Proa  qpeelfleation  dlnenalons,  the  snrfaee  area  was  oaleulated  to 
be  7.76  square  oentijMters.  The  aTeraga  weli^  froa  a  randoa  sai^de  of  bare 
Ineooel  713C  speelaens  Is  6251  ag  and  for  MDC-1  coated  Ineonel  7130  Is  8306 


T 

p 


i 

{ 

f 

A 

I 

/ 

I 


Spselaens  of  six  snperalloys  (Inconel  713C,  Udiaet  500,  IR-100, 
11-738,  Ddlast  TOO,  and  Mar^l-421)  ware  recelTed  for  evaluation  as  part  of 
a  "Round  Robin"  hot  eorroalon  test  prograa  being  ocndncted  bj  the  Hot 
Ccrroslein  Tadc  Poroe  of  iSTM.  The  speeiaens,  as  reoelTod,  were  oast  round 
bars  approziaatelj  one  half  Inch  In  dlaaster  and  three  inches  In  length. 
Pour  speoiasns  each  of  Inconel  713C  and  Odiaet  500  and  two  speeiaens  each 
of  IH-100,  Inoonel  738,  Odiait  700  and  HaiMf-421  were  reoelTsd.  Two  test 
speeiaens  for  the  Phillips  Turbine  Siaulator  were  prepared  f roa  each  test 
bar  bj  Plunge  Grinding  to  eonfoni  to  the  diaenalons  shown  In  Plgure  18. 

The  ehsaloal  analjses,  furnished  taj  International  Mlokel  Ccaqpaiqr,  are 
shown  In  Table  16  for  Ineonel  7130  and  In  Table  17  for  the  other  fire 
superallojs. 
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V 
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9 

€1 
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V 
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.-I 

V 
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r> 

t 

n 

<A<A 

ci  ci 

5 
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CM© 
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to  W\ 

•  • 

PI«A 

•  • 

«A<A 

M  H 

H  H 

-♦CA 

8 

p-e^ 

«<P 

V\0 

•  P;- 

CA«A 

OO 

i 

g 

«*\<A 

r-i  Cl 

<A*A 

<A*A 

8 

•r>  lA 

H  CA 

fA  O 

*A  •A 

O  W 

W\  M% 

>p^ 

•««A 

«A<A 

«A«A 

t; 

pi 

O  -♦ 

•A^ 

•A«0 

O  O' 

0-* 

»4 

1 

t^to 

ss 

j 

O  H 

lAO 

O  «A 

«AH 

O  O 

O  O' 

sa 

aa 

ITNITN 

H  H 

o^to 
H  H 

H 

•  • 

•  • 

SS 
•  • 

.15 

.18 

5?» 

•  • 

.07 

.10 
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10.  APHanm  3 

(Piveadorac) 


law  qpaoiJMas  irar*  olMiMd  fay  T«por  dagraaslBg  with  trldiloro- 
•tfayl«M,  ttaing  th*  apparatms  ihoim  diagraiMtloally  In  Fifor*  21.  Clnanad 
qweiMaa  vara  haadlad  vlth  dagraaaad  at*inla8a>afaaal  tcngs.  Tha  initial 
aaii^t  of  apaeinan  aaa  detandnad  foUowing  dagraaai^. 

10.2.  fdat^Taat  Claanlna 

Aftar  axpoaora,  olaanlag  aaa  nae^^aaiy  to  raaoaa  tha  fraquantly 
haaay  aeraaolation  of  aarfaea  dapoait  or  aeala*  to  allow  for  tha  Boaaura* 
MOt  of  Midi  loaa  fay  tha  apeoinans  froa  hot  eorroaion.  Aftar  waiting 
following  raaoval  frea  tha  taat  rig«  apaelaana  of  bara  aaparalloya  and 
HDC>1  ooatad  Ineoaal  713C  wara  laaaraad  in  aoltan  aodiua  hydroxida  at  750 
to  790F  with  l/3  ^  paaaing  throo|^  tha  apaoiaana  for  a  pariod  of  10 

ainrtaa.  Tha  q^aeiaana  wara  aombbad  with  a  atainlaaa*ataal  wira  bruA 
daring  a  watar  quanoh^  rinaad  in  aeatona«  driad,  and  rawai^ad.  Tha  appar»> 
tna  naad  for  alaetro-claaning  ia  ahown  diagraaaatieally  in  Figaro  22. 

10.3.  fcairiwaHofi 

Following  azpoaora«  apaoiaana  wara  olaanad  for  datandnation  of 
thair  loaa  in  wai^t^  and  aabaoquantly  qweiaana  wara  ehoaan  for  aatallo- 
graphie  axaaination.  All  apaoiaana  froa  tha  ASTM  portion  of  tha  imraatl- 
gatlon  and  ana  aat  of  aig^t  apaoiaana  aaoh  of  lnoonal>713C  and  MDC-1  ooatad 
Inoooal  713C  froa  tha  raaaindar  of  tha  inTaablgation  wara  aalaetad  for 
aatallographio  axaaination. 

Two  oroaa-aaetional  araaa  of  aaoh  aalootad  apaolaan  wara  aoontad 
for  axaaination.  Otaa  rapraaanta  a  aona  of  aaxiana  xiaaal  attack  and  tha 
othar  rapraaanta  a  aona  of  araraga  attack.  For  a  apaoiaan  oorrodad  orar 
half  or  laaa  of  Ita  langth«  tha  aaotiona  wara  takan  in  a  oorrodad  aona  and 
a  noD>oorrodad  aona.  Saoh  of  tha  eroaa-aaotlonad  araaa  wara  aaaaorad  for 
hot-oorroaipn  affactp  aoroaa  two  diaaotara  aiqproxiaataly  90  dagraaa  apart 
aa  diown  in  Figara  :3;  thaa,  aaoh  apaoiaan  waa  awaaurad  in  four  |^oaa. 

TWo  typaa  of  hot-oorrwaion  affaota  wara  dataradnad}  i.a.,  groaa  (aaaaiTa 
aarfaoa  oxidation)  attack  and  aarlaua  attack^  aa  lUuatratad  in  Figara  23. 
All  xalnaa  wara  raportad  aa  loaa  in  dianotar  (nila). 

Snrfaca  Loan  (Groaa  Attack)  ia  a  ■oaaaraamxt  of  all  natarial  loaa, 
pin  a  any  aotaolTa  oxidation  and  aolfidatlon;  it  doaa  not  factor  in  othar 
typaa  of  aobanrfaoa  attack,  aaoh  aa  Intargronular  attack.  For  aaoh  apaol- 
■an,  foor  ■aaauroaanta  ara  raportad  to  ahow  tha  oonaiatonoy  of  attack.  Tha 
■aaaoraMBia  ara  araragad  tog^ar,  and  thla  now  Tolua  raportad  aa  tha 
groaa  attack. 

liaxlaMa  attack  ia  a  ■aaouraaont  which  inolodaa  groaa  attack  ]^ua 
tha  dapUi  of  panatratlcn  of  all  aalfldaa  and  oxLdaa,  which  nay  ba  aoattarad 
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A  ■  OMICIMAI.  BIAMCnOI.  MMSURBD  WITH  A  MiCROMCTBI 

A|  -  mamktm  or  rmucniNALUY  uoirui.  mctai.,  iMMuim 

AT  100K 

At  ■  oiMwnai  or  hhctal  uNArrBcrao  av  miota  and 

SULTIWM,  MHHauW  AT  100K 

atwrAOK  ueoas  a-Ai  L.aoa  m  oiAMcnM  out  to  MAaaivfc 
OKRMBi  AND  atM.riDBB 

MAXIMUM  ATTAfiK}  A-^a  >•*  DIAMVraR  DUS  TO  AUL 

rONMS  or  OHIOATION  AMI  DUl-riDATION 


FIOURC  23 

MCTMOD  OP  MCASURINQ  H0T-C0RKO8I0N  ATTACK 
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or  la  loeol  ooiMOBtratloiMj  o.g.,  groin  boondorloo.  Iho  do|th  of  oob- 
■■rfoeo  oaddos  oad  Mlfldoo  mqt  fro*  ono  sldo  of  tho  opoeiaon  to  tho 
etlMr  aldoj  thuOf  aooaaroBHibs  in  toma  of  loss  la  diaaotor  oro  quoUflod 
os  ottook  on  both  sidos  (B),  aostlj  on  ono  sldo  (M)^  and  on  ono  olds  (O). 
i  asoBiurwswt.  for  ooeh  eroBO-sootionsd  oroo  Is  rsportod  to  indlooto  tho 
eonststsnegr  of  ottook,  but  oalj  tho  grootsst  toIos  is  eonsidsrsd  tho 
■OTtana  ottook  for  tho  ollej. 

In  BOQBting  tho  spselaaa,  tho  two  piseos  woro  j^ood  in  o  1-ineh 
rod  BiMlits  sold  vith  tho  eecqpons  esntorod  inslds  piseos  of  3/^inoh 
diSBstor  stool  tubing.  This  orroagMsnt  sided  in  obtoining  o  flat  sorfoeo 
on  tho  oeiq^  dnring  polidilng.  The  foUoMing  sl|^  stop  toehniqns  nos 
nsod  to  p^di  the  eoupons. 

(o)  Dry  ground  on  on  flF*,  180  grit  Corbiast  dlse  toxnod  ot 
570  rpo. 

(b)  Diy  groond  on  on  8^,  120  grit  Oorbiast'dlso  toinsd  ot 
570  rpo. 

(e)  Bond  lappod,  wot,  on  240  grit  sllioon  oorbido  paper. 

(d)  Rond  lonod,  wet,  on  320  grit  sllloen  earbide  paper. 

(e)  Hand  lapped,  wet,  on  400  grit  ellleon  eorblds  paper. 

if)  Hand  lopped,  wet,  on  600  grit  sUieon  oorbido  paper. 

(g)  6-Bioron  dloaond  paste  on  oylon  lop  with  poUahlng  ell. 

(h)  A£  aioro  eloth  with  Idade  B  peliehlng  compound. 

The  policed  eoapone  wore  etched  to  facilitate  identlf lootlon  of 
the  extent  of  alley  de|0.etion  ot  the  corrosion  interface.  Generally  this 
was  dene  eleetrolytioally  with  2  per  cent  solforlc  acfd;  howerer,  in  aoae 
oases.  Marble*  s  Reagent  was  used  to  obtain  a  less  serrere  etch. 

Fhotooderographs  dere  nods  of  each  qpeolaen  uelng  a  Bansoh  &  Lonb 
Research  Metallograph  at  9X  and  500Z  aagnlfloatlon,  and  in  eons  oases,  at 
other  nagnifioatlons. 

10.4.  ajaditw  9pfnU9P 

The  FhilUpe  Test  Facility  and  Test  Rig  used  for  this  inrestiga- 
ticn  are  described  in  Sections  8.1.  and  8.2.  of  Appendix  1. 

Flow  throui^  the  sea  water  injection  jets  (Figure  17)  was  naijiH 
talned  at  1.75  pounds  per  hour  per  jet  or  3.5  pounds  per  hour  total.  Sea 
water  injeetlon  was  nalntainsd  during  the  fuel-off  as  well  as  the  fuel-on 
portions  of  the  <7ele.  The  sea  water  (Table  15)  was  dilutsd  with  deionised 
water  to  give  a  ceneentratloa  of  1.0  ppn  sea  salt  in  oohbustor  air. 

Purge-air  was  introduced  into  the  carity  suxrounding  the  test 
speeinsn  retalnsr,  at  the  location  indicated  in  Figure  17,  at  a  pressure 
sUiditly  greater  than  eonbustor  pressure,  to  ninixise  oontaot  of  oonbustlon 
products  with  the  speeinsn  retainer  bearings  and  worm  gear  drlTo. 
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Tha  taat  ipaelMB  ratainar  (Plgura  19)  Beaiita  49  qwelaana  In 
thraa  rava  of  16  ■paalnawa  aaA.  Far  idantlflaatlen  of  poaltlona  In  tha 
ratal  nar,  tlia  rawa  ara  doad^Mdad  2«  and  3  fraai  front  to  roar  and  tha 
paattlena  in  aaA  row  aara  IdnAifiad  in  al|habatieal  ordar  onltting  1  and 
0.  For  aaa^  ai^ardllay  or  eoating-allay  i^atan,  tha  baale  taat  plan  waa 
to  anpoaa  qpaalMna  in  di^lleata  for  foor  dlffarant  langthB  of  tina  uaing 
four  poaltlmia  In  a  row  in  tha  apaalnan  ratainar.  Tha  16  poaltlona  in  aaoh 
raw  vara  dialdad  Into  foar  granpa  of  four  poaltlona  aaoh  with  tha  poaltima 
aalaatad  at  randan  and  tha  grov^lng  vaa  aalntainad  thrau^iont  tha  taat. 

Tha  graapdng  of  poaitlMia  la  tha  apaalnan  ratainar  ara  ahovn  in  Tabla  19. 

Si^arallegra  or  oeatlar’<^^^  ajatnaa  vara  aaaignad  to  aaoh  group 
of  four  loaiitlona  and  tha  apaalnan  ratainar  vaa  flUad  with  now  olaaMd  and 
vai^Md  ^ffinana  prlur  to  tha  atart  of  a  taat.  Tha  Ihillipa  Tarblna 
Sinalaiar  vaa  oparatad  uadar  tha  epelle  tonparatnra  eandltlona  of  Tabla  19 
for  parlodar  of  11  hoara  aaoh.  4t  tha  oaaplation  of  aadh  11  hoar  parlod^ 
tha  taat  rig  vaa  dlaaaanablad  and  tha  q^inan  ratainar  raauTad  for  Tiaaal 
inapaatlan*  Tha  tlna  for  rnanral,  with  ra]^awaant»  of  tha  firat  qpaeinan 
of  a  group  vaa  datamiaad  bj  viaa^  inapaotlra  ^  tha  four  apaoinana  in  tha 
graqp  to  ba  aura  that  tha  rapmaantativa  lar^  of  attaok  vaa  at  a  aiipilfl- 
aant  laval.  Tha  tlnaa  for  tha  rnaaltilng  apaeinan  ruMvala,  with  raplna^ 
nantf  vara  aalaatad  to  prorlda  a  oonaldarabla  apraad  in  wai^tt-loaB  with 
tlna.  Tha  apaeinana  in  aaoh  group  vara  ranorad  in  alphabatieal  ordar.  Tha 
tina  parioda  for  raanral  of  ^oelnana  naad  not  ba  unifoni  howavar,  tha 
tlnaa  Aould  ba  adjuatad  ao  that  tha  aona  of  tha  tlnaa  of  aapoanra  of  tha 
Initial  and  raplaeanant  apaeinana  for  aaoh  of  tha  four  poaltlona  in  tha 
group  ara  aqpal.  liaaqilaa  of  ranovala  at  aqual  ax^  unequal  tlnaa  ara  Aown 
la  'Um  foUbwlng  taat  aehadulaa. 


EIAMFIZ  I 


Poaitloa 

Initial  Snaelnan 

SanlacflMnt  SnaelMn 

Houra 

U 

11 

44 

55 

1C 

22 

33 

55 

IG 

33 

22 

55 

IS 

44 

) 

11 

55 

igAwprj;  TT 

.  Roura 

Poaitlon 

Houra 

sr 

55 

121 

176 

21 

77 

99 

176 

2L 

99 

77 

176 

2Q 

121 

55 

176 

f;, 

I 

■■ 

I" 

I 

ii' 

•  / 

i; 
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Siam  _ F9ittt9»t  (i) 


I 

IH 

IK 

IL 

IP 

n 

JM 

IQ 

IB 

in 

IB 

ID 

3M 

19 

U 

IG 

IJ 

IB 

V 

2B 

2P 

i,; 

2H 

2L 

VI 

2B 

2ir 

2P 

23 

vn 

24 

2C 

2K 

m 

vni 

2D 

2Q 

2J 

2R 

n 

3D 

3H 

3Q 

3R 

z 

3B 

30 

3J 

3» 

n 

3& 

3(i 

3L 

3M 

xn 

34 

3? 

3K 

3P 

(a)  Poaitlona  In  aaoh  row  asalgnad  at  raxxiom. 
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Tf  M  IQ 


lift  Y4Uaftttil _  _ Tffit  CwditiCT 


Ts^wratnre,  deg  F 

Wnalnal  Oas 

Idumet  Gas  (a) 
Ccmdmsbor  Inlet  Air 

UQSl 

1600 

1000 

ISQfi 

1000 

r 

2JBSSI 

1800 

1000 

iSQSi 

1000 

2000 

2000 

1000 

3m 

1000 

Pressure,  atmospheres 
Conbusbor  Inlet  Air 

15 

15 

15 

15 

15 

15 

Mass  Flow  Rate,  Ib^r 

Purge  Air 

CosdMsbor  Air 

Fuel 

Water  (b) 

324 

6660 

63.0 

324 

6660 

49 

324 

6660 

85.0 

324 

6660 

49 

32U 

6660 

108.0 

324 

6660 

49 

Air-Fuel  Ratio 

106 

78 

62 

Flow  Velocity,  ft/sec 

at  Test  Specimsn  (c) 

250 

163 

253 

163 

275 

163 

Cycle  Time,  minutes 

8 

2 

8 

2 

8 

2 

Notes: 

(s)  Value  oaleulstsd  using  Msn  qweifle  heats  (8)  for  100  per  cent 
oonbustlen  efflelenej. 

(b)  Water  flow  throu^  noszle  lAille  fuel  Is  off. 

(e)  Calculated  value  based  on  unblocked  area  in  specimen  retainer  of 
4.00  square  indies. 
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The  avallabllitj  of  on37  four  teit  speoiiMns  for  four  of  the  aix 
sapeMllagra  In  the  ASIM  portion  of  the  progran  required  a  nodlfieatlon  of 
the  eeheduUng  of  apeeiaan  renoval  for  aone  of  the  groupa  during  the 
ianreatigatlon. 
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IS.  AMTNACT  AH  apenjiiem>aj.  inTeB\>igat>ion  is  o«xng  conaucx>ea  t>o  eraxua^e  T>ne  w 
of  rery-low  concentration*  of  sulfur  in  fuel  on  the  durabllltT’  of  turbine-blade  allo3|i 
when  eiqioeed  under  condition*  simulating  the  environment  In  an  aircraft-turbine 
\mgine  operating  In  a  marine  environment.  This  ha*  required  development  of‘^new 
equipment,  temed'PhiUip*  Turbine  Simulator,  to  Increase  productivity  by  simultan¬ 
eous  exposure  of  AS'specimens  and  to  loqirove  precision  by  irotatlng  specimens  for 
jhnlfom  exposure  In  the  high-velocity  stream  of  hi^-tenperature,  hl^-pressure, 
corrosive  gas.'Vt^ 

A  preliminary  test  was  conducted  to  eval\iate  a  cyclic-temperature  operating 
procedure  with  Phillips  Tcrblne  Simulator.  Specimens  of  both  bare  and  alumlnxim-dlf- 
fuslon  coated  Inconel  713C  were  exposed  at  13  atmospheres  combustor  pressure  using 
air  with  1  ppm  sea  salt  and  fuel  with  0.040  weight  per  cent  sulfur  to  obtain  exhaust 
gas  temperatures  which  reached  a  maximum  of  2000  F.  It  was  concluded  that  this  test 
equipment  Is  sufficiently  durable,  and  the  test  method  provides  sufficient  preclslcn 
for  conducting  our  proposed  Investigation  with  a  reasonable  expenditiure  of  time, 
manpower,  and  materials. 

A  coiqiarlson  of  the  relative  durability  of  superalloys  In  an  AS1M  "round- 
robin"  program  was  made  during  this  preliminary  test.  At  this  condition  of  exposux^;| 
the  materials  ranked  In  the  following  order:  Udlmst  300  (best),  IN-738,  Mar-N421, 
Udlmst  700,  Inconel  713C,  and  IN-100  (poorest).  Metallographlo  measurssMnts  of 
"surface-loss"  and  "maxlmusi-attaok"  wore  made,  but  the  difference  between  them 
(subsurface  deterioration)  was  relatlvsly  unimportant.  Also,  a  linear  relationship 
was  found  betwemi  depth-of-penet ration  and  specimen  wel^t-loss. 
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